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EXECUTIVE  SUMMARY 


The  research  reported  here,  conducted  for  AFOSR  Space  Power  and  Propulsion  Program,  is  an 
experimental  and  analytical  study  of  certain  energy  transfer  mechanisms  and  rates  in  high-energy 
gas  flows.  The  immediate  USAF  application  of  the  current  work  is  to  develop  the  ability  to 
predict  the  radiation  emitted  by  the  exhaust  expansion  ("plume")  of  rockets.  The  goal  is  to 
predict  the  wavelength  dependence  of  the  intensity  of  this  radiation  as  a  fiinction  of  the 
propellant  species  and  altitude  of  the  rocket.  Beyond  this,  it  is  also  desired  to  predict  the 
radiation  from  other  regions  of  flow  fields  surrounding  hypervelocity  vehicles  such  as  rockets. 
These  regions  include,  notably,  the  bow  shock  and  accompanying  shock  layers  around  the 
vehicle.  Large  computer  modeling  codes  are  being  developed  for  such  prediction;  they  depend 
critically  upon  knowledge  of  the  rates  of  specific  chemical  reactions  and  energy  transfer 
processes  occurring  in  the  hypervelocity  vehicle  flow  field. 

The  research  by  the  Ohio  State  group  on  this  program  has  concentrated  on  two  major  tasks 
elucidating  these  rates:  1)  Experimental  study  of  the  mechanism  and  rates  of  energy  transfer  into 
excited  electronic  species  that  form  some  of  the  principal  radiators  at  ultraviolet  and  visible 
wavelengths  from  the  flow  field.  These  radiating  states  include,  notably,  the  CO  4*  Positive 
(UV)  Bands  (CO  A*n  states);  NO  Beta  and  Gamma  (UV)  Bands  (NO  B^fl  and  NO  states); 
C2  Swan  (Visible)  Bands  (C2  A^II  states);  and  CN  Violet  (Visible)  Bands  (CN  B^I"^  states);  and, 
2)  Experimental  measurements  and  analytic  theory  of  the  rates  of  vibrational  energy  transfer 
among  the  excited  states  of  common  diatomic  molecular  species  (O2,  N2,  CO,  NO)  in  the 
hypervelocity  flow  field  environment. 

The  first  chapter  of  the  report  discusses  e)q)eriments  and  analytical  research  on  vihration-to- 
electronic  energy  transfer  in  CO-laser-pumped  CO-Ar  and  CO-N2  plasmas.  The  highly 
vibrationally  excited  states  in  CO  are  populated  by  resonance  absorption  of  the  CO  radiation 
followed  by  anharmonic  (vibration-vibration)  V-V  pumping.  Additionally,  N2  also  becomes 
vibrationally  excited  due  to  collisions  with  vibrationally  excited  CO.  Nonequilibrium  ionization 
in  the  plasmas  is  produced  by  an  associative  ionization  mechanism  in  collisions  of  highly 
vibrationally  excited  CO  molecules.  Electron  production  rate  and  electron  density  in  these 
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optically  pumped  CO-Ar  and  CO-N2  plasmas  have  been  measured  using  a  Thomson  discharge 
probe  and  microwave  attenuation.  It  is  shown  that  adding  small  amounts  of  O2  or  NO  (50-100 
mTorr)  to  the  baseline  gas  mixtures  at  P=100  Torr  results  in  an  increase  of  the  electron  density 
by  up  to  a  factor  of  20-40  (from  ne<10‘®  cm'^  to  ne=(l-5-3.0)-10‘'  cm‘^).  This  occurs  while  the 
electron  production  rate  either  decreases  (as  in  the  presence  of  O2)  or  remains  nearly  constant 
within  a  factor  of  2  (as  in  the  presence  of  NO).  It  is  also  shown  that  the  electron-ion 
recombination  rates  inferred  from  these  measurements  decrease  by  2  to  3  orders  of  magnitude 
compared  to  their  baseline  values  (with  no  additives  in  the  cell),  down  to  |3=1.510’*  cm^/sec  with 
50-100  mTorr  of  oxygen  or  nitric  oxide  added  to  the  baseline  CO-Ar  mbcture,  and  ps(2-3)-10'’ 
cmVsec  with  75-100  mTorr  of  O2  or  NO  added  to  the  baseline  CO-N2  mbaure.  The  overall 
electron-ion  removal  rates  in  the  presence  of  equal  amounts  of  O2  or  NO  additives  turn  out  to  be 
very  close,  which  shows  that  the  effect  of  electron  attachment  to  oxygen  at  these  conditions  is 
negligible.  These  results  suggest  a  novel  method  of  electron  density  control  in  cold  laser- 
sustained  steady-state  plasmas  and  open  a  possibility  of  sustaining  stable  high-pressure 
nonequilibrium  plasmas  at  high  electron  densities  and  low  plasma  power  budget. 

Chapter  2  summarizes  the  experiments  showing  that  vibration-to-electronic  mode  energy 
transfer  in  these  plasmas  is  mediated  by  free  electrons.  The  experiments  depend  critically  on  the 
novel  methods  of  electron  density  control  reported  in  Chap.l.  It  is  shown  that  removal  of  the 
electrons  from  the  optically  pumped  plasmas  using  a  saturated  Thomson  discharge  results  in 
considerable  reduction  of  the  UV/visible  radiation  from  the  plasma  (CO  4*  positive  bands,  NO  y 
bands,  CN  violet  bands,  and  C2  Swan  bands).  At  some  conditions,  the  removal  of  electrons 
results  in  a  nearly  coirqrlete  extinguishing  of  the  UV/visible  glow  of  the  plasma.  This  effect 
occurs  even  though  electron  removal  results  in  an  increase  of  the  high  vibrational  level 
populations  of  the  ground  electronic  state  CO(X*2,  v~15-35).  On  the  other  hand,  deliberate 
electron  density  increase  by  adding  small  amounts  of  O2  or  NO  to  the  optically  pumped  CO-Ar 
plasmas  produced  substantial  increase  of  the  UV/visible  radiation  intensity,  which  strongly 
correlates  with  the  electron  density.  The  results  of  the  present  experiments  indicate  that  the 
vibration-to-electronic  (V-E)  energy  transfer  process  CO(X*2-^A’n),  and,  possibly,  analogous 
processes  populating  radiating  excited  electronic  states  of  NO,  CN,  and  C2,  in  optically  pumped 
plasmas,  may  be  mediated  by  the  presence  of  electrons  which  are  created  in  the  absence  of  an 
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electric  field,  with  low  initial  energies.  Most  importantly,  this  effect  occurs  at  ionization  fi-actions 
as  low  as  ne/N-lO'^-lO"’. 

Chapter  3  presents  a  two-dimensional  time-dependent  model  of  non-self-sustained  DC 
and  RF  discharges  used  for  analysis  of  recent  experiments  in  optically  pumped  nonequilibrium 
plasmas.  The  analysis  shows  that  non-self-sustained  DC  and  RF  discharges  can  be  successfully 
used  for  measurements  of  electron  production  rate,  electron  recombination  rate,  and  electron 
density  in  these  plasmas.  The  inferred  rate  of  electron  production  per  unit  volume  by  the 
associative  ionization  mechanism  is  So=1.0-10*^  1/cmVs  and  So=2.2-10''’  1/cm^/s  in 
CO/Ar=2/100  and  in  CO/N2=2/100  plasmas,  re^ctively.  The  inferred  electron-ion 
recombination  rate  coefficients  are  p>6.0-10'^  cm^/s  and  P=(7.5+1.5)-10‘^  cmVs  in  CO/Ar=2/100 
mixtures  at  P=100  Torr  and  20  Torr,  respectively.  In  CO/Ar=2/100  mixtures  with  a  0.05-0.1  Torr 
admixture  of  O2  at  P=100  Torr  and  20  Torr,  the  inferred  recombination  rate  coefficients  are 
p=(1.5±0.3)10  *  cm^/s  and  p=(5.1±2.9)-10‘*  cm^/s,  respectively.  Finally,  the  inferred  electron 
density  in  optically  pumped  CO/Ar/02  plasmas  at  the  laser  beam  axis  is  ne=(1.7±0.2)-10’'  cm‘^  at 
P=1 00  Torr  and  ne=(6.2±0.8)- 10*°  cm'^  at  P=20  Torr. 

The  concluding  Chapter,  4,  presents  results  of  spatially  resolved  Raman  measurements  of 
nitrogen  vibrational  level  populations  in  a  nonequilibrium  optically  pumped  plasma  sustained  by 
a  combination  of  a  continuous  wave  CO  laser  and  a  sub-breakdown  radio  fi-equency  electric 
field.  The  plasma  is  created  in  a  CO/N2  environment,  at  a  total  pressure  of  300  Torr.  When  an 
RF  field  is  applied  to  the  plasma,  collisions  between  the  fi’ee  electrons  heated  by  the  field  and  the 
diatomic  species  create  additional  vibrational  excitation  within  the  plasma  region.  Note  that  the 
reduced  electric  field,  E/N,  is  sufficiently  low  to  prevent  electron  impact  ionization,  which  would 
lead  to  the  glow-to-arc  collapse.  Vibrational  level  populations  of  N2  are  measured  using 
spontaneous  Raman  spectroscopy.  The  results  show  that  applying  the  RF  field  to  an  optically 
pumped  CO/N2  plasma  produces  stronger  vibrational  disequilibrium  both  in  the  region  occupied 
by  the  CO  laser  beam  and  outside  of  this  region.  The  experimental  results  are  compared  with 
kinetic  modeling  calculations  showing  a  satisfactory  agreement. 
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CHAPTER  1 

ELECTRON  DENSITY  AND  RECOMBINATION  RATE  MEASUREMENTS 
IN  CO-SEEDED  OPTICALLY  PUMPED  PLASMAS 


1.  Introduction 

Steady-state  nonequilibrium  optically  pumped  environments  are  produced  by  resonance 
absorption  of  infrared  laser  radiation  by  molecules  in  low  vibrational  quantum  states,  with 
subsequent  collisional  vibration-to- vibration  (V-V)  pumping  up  to  high  vibrational  levels  [1,2], 

AB(v) -I- AB(w) ->•  AB(v  - 1)  +  AB(w  + 1)  (1) 

In  Eq.  (1),  AB  stands  for  a  diatomic  molecule,  and  v  and  w  are  vibrational  quantum  numbers. 
This  method  creates  strong  vibrational  disequilibrium  at  high  densities  (up  to  a  few  atm  in  the 
gas  phase),  wide  temperature  range  (T=100-1500  K),  and  a  low  power  budget  (-1-10  W/cm^).  In 
particular,  optical  pumping  by  a  CO  laser  has  been  previously  achieved  in  gas  phase  CO/Ar/He 
mixtures  [3-8]  at  pressures  of  up  to  10  atm  [3],  gas  phase  nitric  oxide  [9,10],  liquid  phase  CO 
[11,12],  and  solid  CO  and  NO  matrices  [13,14].  Recently,  optical  pumping  has  also  been 
demonstrated  in  mixtures  of  CO  with  infrared  inactive  gases,  such  as  nitrogen  and  air,  at 
atmospheric  pressure  [15,16].  In  this  case,  N2  and  O2  molecules  become  vibrationally  excited  by 
near-resonance  V-V  energy  transfer  from  CO, 


CO( v)  N, (w)  CO( V  - 1)  +  N, ( w  + 1)  (2) 

C0(v)  +  02(w)->C0(v-l)  +  02(w  +  l)  (3) 

In  the  experiments  of  Refs.  [2-16],  the  CO  laser  power  was  fairly  low,  ranging  from  a  few  Watts 
to  200  W  c.w. 
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Ionization  in  optically  pumped  gases  is  produced  by  an  associative  ionization  mechanism, 
in  collisions  of  two  highly  vibrationally  excited  molecules  when  the  sum  of  their  vibrational 
energies  exceeds  the  ionization  potential  [17-20], 

AB(v) -H  AB(w)  ^  (AB); -h  e‘ , 

E.+E.  >E„. 

Ionization  of  carbon  monoxide  by  this  mechanism  has  been  previously  observed  in  CO/Ar/He 
gas  mixtures  optically  pumped  by  resonance  absorption  of  CO  laser  radiation  [18-20].  The 
estimated  steady-state  electron  density  sustained  by  a  10  W  CO  laser  in  optically  pumped 
CO/Ar/He  plasmas  with  high  vibrational  level  populations  of  nco(v~30)~10‘^  cm'^  is  ne-lO'*’- 
lO”  cm'^  [19].  Note  that  unlike  electron  impact  ionization,  the  ionization  mechanism  of  Eq.  (4) 
is  not  susceptible  to  the  ionization  heating  instability,  which  is  responsible  for  filamentation  and 
the  glow-to-arc  collapse  in  high-pressure  nonequilibrium  plasmas,  where  ionization  is  primarily 
produced  by  electron  impact  [21].  Indeed,  since  the  high  vibrational  level  populations  of 
diatomic  molecules  decrease  with  tenq)erature  due  to  an  ejqwnential  rise  of  the  vibration- 
translation  (V-T)  relaxation  rates  [22],  there  is  a  negative  feedback  between  the  gas  heating  and 
the  rate  of  associative  ionization.  This  precludes  the  ionization  instability  development  and 
provides  a  possibility  for  the  use  of  associative  ionization  for  sustaining  imconditionally  stable 
optically  pumped  nonequilibrium  plasmas  at  high  gas  pressures  (1  atm  and  above). 

The  present  paper  addresses  the  effect  of  adding  air  species,  such  as  O2  and  NO,  to 
optically  pumped  CO/Ar  and  CO/N2  plasmas  on  the  electron  production  and  removal  kinetics. 
Previous  results  [20]  suggest  that  adding  these  species  produces  a  significant  electron  density 
rise  in  these  plasmas  at  a  nearly  constant  plasma  power  budget  and  electron  production  rate. 
Therefore,  the  main  objective  of  the  present  study  is  to  investigate  the  role  of  these  additives  on 
the  electron  density  and  on  the  electron  removal  rate  in  the  plasma.  This  would  provide  insight 
into  the  feasibility  of  sustaining  large- volume  atmospheric  pressure  nonequilibrium  air  plasmas 
at  a  minimum  power  budget. 
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2.  Experimental 

The  overall  schematic  of  the  experimental  setup  is  shown  in  Fig.l.  A  carbon  monoxide 
laser  is  used  to  excite  CO/ Ax  and  CO/N2  gas  mixtures,  with  additives  such  as  O2  or  NO,  slowly 
flowing  through  the  pyrex  gltiss  optical  absorption  cell  shown.  The  residence  time  of  the  gas 
mixture  in  the  cell  is  of  the  order  of  a  few  seconds.  The  liquid  nitrogen  cooled  CO  laser  [8]  is 
designed  in  collaboration  with  the  University  of  Bonn  and  fabricated  at  Ohio  State.  It  produces  a 
substantial  fraction  of  its  power  output  on  the  v  =  1-^0  fundamental  band  component  in  the 
infrared.  In  the  present  e)q)eriment,  the  laser  is  typically  operated  at  10-13  W  c.w.  broadband 
power  on  the  lowest  ten  vibrational  bands.  The  output  on  the  lowest  bands  (1— >0  and  2— >1)  is 
necessary  to  start  the  absorption  process  in  cold  CO  (initially  at  300  K)  in  the  cell.  The  laser 
beam  can  be  focused  to  a  focal  area  of  ~1  mm  diameter  to  increase  the  power  loading  per  CO 
molecule,  producing  an  excited  region  10-20  cm  long  and  2-3  mm  in  diameter. 

The  lower  vibrational  states  of  CO,  v<10,  are  populated  by  direct  resonance  absorption  of 
the  pump  laser  radiation  in  combination  with  rapid  redistribution  of  population  by  V-V  exchange 
processes.  The  V-V  processes  then  continue  to  populate  higher  vibrational  levels  above  v=10, 
which  are  not  directly  coupled  to  the  laser  radiation  (see  Eq.  (1)).  The  large  heat  capacity  of  the 
At  and  N2  diluents,  as  well  as  conductive  and  convective  cooling  of  the  gas  flow,  enables  control 
over  the  translational/rotational  mode  tenqjerature  in  the  cell.  At  steady-state  conditions,  when 
the  average  vibrational  mode  energy  of  the  CO  would  correspond  to  a  few  thousand  degrees 
Kelvin,  the  temperature  never  rises  above  a  few  hundred  degrees.  Thus  a  strong  disequipartition 
of  energy  can  be  maintained  in  the  cell,  characterized  by  very  high  vibrational  mode  energy  and 
a  low  translational/rotational  mode  temperature.  As  shown  in  Fig.  1,  the  population  of  the 
vibrational  states  of  CO  in  the  cell  is  monitored  using  a  Biorad  FTS  175C  Fourier  transform 
infrared  spectrometer,  which  records  spontaneous  emission  from  the  CO  fundamental,  first  and 
second  overtone  bands  through  a  CaF2  window  on  the  side  of  the  cell. 

Ionization  of  highly  excited  CO  molecules  in  the  cell  occurs  by  the  associative  ionization 
mechanism  of  Eq.  (4).  The  electron  production  rate  in  this  optically  pumped  plasma  is 
determined  from  the  saturation  current  of  the  non-self-sustained  DC  Thomson  discharge  [18-20] 
between  two  3  cm  diameter  brass  plate  electrodes  located  in  the  absorption  cell  as  shown  in  Fig. 
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2.  Two  infrared  transparent  CaF2  windows  were  placed  upstream  and  downstream  of  the  plates 
(see  Fig.  2),  so  that  the  laser  beam  creates  a  nearly  cylindrical  excited  region  between  the 
windows.  Thus  the  plasma  generated  in  the  interelectrode  space  is  isolated  from  the  plasma 
sustained  in  the  remainder  of  the  cell,  which  significantly  reduces  the  charged  species  drift  and 
difiusion  into  the  interelectrode  space.  This  allows  reaching  a  well-pronounced  current 
saturation.  The  electrodes,  which  are  typically  10  to  20  mm  apart,  are  connected  to  a  reversible 
polarity  DC  power  supply  (Thom  EMI  GENCOM  Inc.,  Model  3000R),  which  produces  voltage 
in  the  range  0-3000  V.  The  induced  current  is  measured  with  a  Keithley  2001  multimeter,  with  a 
1  MQ  resistor  connected  in  series  with  the  cell  to  protect  the  muhimeter  in  case  of  breakdown. 
The  applied  DC  voftage  is  dehberately  kept  sufficiently  low  to  preclude  electron  impact 
ionization.  Therefore,  in  the  saturation  regime  of  the  Thomson  discharge,  the  applied  electric 
field,  which  does  not  produce  any  ionization  by  itself,  removes  as  many  electrons  per  second  as 
are  produced  in  the  entire  discharge  volume.  The  electron  production  rate  per  unit  volume  of  the 
plasma  is  found  from  the  saturation  current  as  follows  [20], 

where  d  is  the  diameter  of  the  ionized  region  created  by  the  focused  laser  beam,  D  is  the 
electrode  diameter,  and  rcd^D/4  is  the  volume  occupied  by  the  plasma.  The  plasma  diameter, 
d=2.5±0.5  mm,  is  estimated  from  the  diameter  of  the  visible  blue  glow  of  the  Cz  Swan  band 
radiation,  which  is  strongly  coupled  with  the  high  vibrational  level  populations  of  CO  [7]. 

The  electron  density  in  the  optically  pumped  plasma  is  independently  measured  by 
microwave  attenuation.  The  microwave  experimental  apparatus  consists  of  an  oscillator,  a 
transmitting  and  receiving  antenna  /  waveguide  system,  and  transmitted  and  reflected  microwave 
power  detectors.  The  phase-locked  dielectrically  stabilized  oscillator  generates  20  mW  (13  dBm) 
of  microwave  radiation  at  a  frequency  v=10  GHz,  which  is  transmitted  via  SMA-type  semi-rigid 
cable  to  an  antenna  within  the  transmission  waveguide.  The  gap  between  the  waveguides  is  1 
cm.  The  receiving  waveguide  is  positioned  directly  opposite  the  transmitting  waveguide,  with  the 
laser-generated  plasma  located  between  them  (see  Fig.  2).  The  signal  transmitted  through  the 
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plasma  is  received  by  an  antenna  at  the  back  of  the  receiving  waveguide  and  sent  to  a  tiumel 
diode  detector  with  a  low-noise  preamplifier.  The  detector  produces  a  low-noise  DC  voltage 
proportional  to  the  received  microwave  power,  ranging  from  0  to  15  V  for  the  transmitted  power 
in  the  range  from  -60  dBm  to  -30  dBm.  The  voltage  noise  level  is  typically  1-2  mV,  so  that  the 
resultant  signal-to-noise  ratio  is  -lO'*.  Power  reflected  by  the  plasma  is  detected  by  a  zero-bias 
Schottky  diode  detector  through  an  isolator  in  the  line  between  the  oscillator  and  the  transmitting 
antenna.  This  detector  produces  a  DC  voltage  in  the  mV  range  proportional  to  the  reflected 
microwave  power  in  the  range  from  0  to  20  mW.  In  the  present  experiments,  the  measured 
change  in  reflected  power  between  the  laser  on  and  laser  off  conditions  is  negligible. 

Typical  microwave  power  levels  transmitted  across  the  1  cm  gap  between  the  waveguides 
were  in  the  range  of  -10  dBm  to  0  dBm,  decreasing  by  up  to  1  dB  when  the  plasma  was 
generated.  To  scale  the  transmitted  signal  down  to  the  power  range  over  which  the  detector  has 
the  highest  sensitivity  (that  is,  down  to  -60  dBm  to  -30  dBm  range),  attenuators  were  inserted  in 
the  line  between  the  receiving  antenna  and  the  transmitted  power  detector.  From  the  relative 
difference  of  the  transmitted  power  with  and  without  a  plasma  the  attenuation  of  the  microwave 
signal  across  the  plasma  was  determined  with  an  uncertainty  of  0.002  dB.  This  assumes  a 
negligible  difference  in  the  power  radiated  from  the  gap  between  the  waveguides,  with  and 
without  the  plasma  present,  which  is  justified  by  the  negligible  change  in  the  measured  reflected 
power  at  these  conditions. 

During  the  microwave  attenuation  measurements,  the  laser  beam  was  chopped  at  a 
frequency  of  57  Hz,  providing  a  square  wave  laser  input  into  the  cell.  The  laser  remained  on  and 
off  for  approximately  8  msec.  Our  previous  time-resolved  Fourier  transform  infrared 
spectroscopy  measurements  [8]  showed  that  at  CO  partial  pressures  Pco>0.5  torr  this  time  is 
sufficiently  long  to  reach  both  the  quasi-steady  state  fully  V-V  pumped  distribution  and  the 
complete  vibrational  relaxation  of  CO  in  the  cell.  In  addition,  the  characteristic  time  scales  for 
associative  ionization  and  for  electron-ion  recombination,  Tion~ne/(kionnco^fv>30^)~0- 1  msec  and 
Xrec~l/Pne~0.1-1.0  mscc  ate  both  much  shorter  than  the  chopper  cycle  duration.  Here  kion=1.5*10' 
cmVsec  is  the  associative  ionization  rate  coefficient  [20],  nco=10’’  cm‘^  is  the  CO 
concentration  in  the  cell  (at  Pco=3  torr),  fv>3o~10'^  is  the  fraction  of  the  CO  molecules 
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participating  in  the  associative  ionization  process  of  Eq.  (4)  [20],  p=10*-10^  cm^/sec  is  the 
electron-ion  dissociative  recombination  rate,  and  ne=10*'  cm’^  is  the  estimated  maximum 
electron  density  [20].  Therefore  the  laser  on  and  laser  off  conditions  correspond  to  the  quasi¬ 
steady  state  weakly  ionized  plasma  and  nearly  fully  recombined  plasma  conditions,  respectively. 
The  difference  between  the  incident  and  transmitted  microwave  powers  between  the  plasma  on 
and  plasma  off  conditions  was  determined  from  the  amplitude  of  the  resultant  nearly  square 
wave  forward  power  detector  signal,  Sr=Vi„c-Vtrans,  rnodulated  by  the  chopper,  and  averaged  by 
a  Textronfac  TDS380  oscilloscope  over  256  averages.  The  average  electron  density  in  the  plasma 
was  inferred  from  these  measurements  using  the  following  relation  [21], 


=• 


coll 


SF  1  W 


(6) 


where  Vcoii  is  the  electron-neutral  collision  frequency,  - __22« - se.  is  the  relative 

F/nc  Fj„f. 

attenuation  factor  in  terms  of  the  forward  power  detector  voltage  proportional  to  the  incident  and 
the  transmitted  microwave  power,  W=1  cm  is  the  waveguide  width,  and  d=2.5±0.5  mm  is  the 
diameter  of  the  ionized  region.  The  electron-neutral  collision  frequency  in  CO-Ar  and  CO-N2 
mixtures  at  P=100  torr  and  T=600  K,  Vcoipl.TlO'^  cmVsec  and  Vcoii=2.1-10*^  cmVsec, 
respectively,  was  obtained  from  the  Boltzmann  equation  solution  [19]  using  the  ejqjerimental 
cross-sections  of  elastic  and  inelastic  electron  coUision  processes  available  in  the  literature. 


O2  or  NO  were  both  diluted  in  nitrogen  at  the  5000  ppm  level  to  add  controlled  small 
amounts  (from  a  few  millitorr  to  a  few  hundred  millitorr)  of  these  species  to  the  cell.  The 
resultant  O2/N2  and  NO/N2  gas  mixtures  have  been  added  to  the  baseline  CO/Ar  and  CO/N2  gas 
mixtures.  The  baseline  pressure  in  the  cell  was  P=100  torr,  with  the  CO  partial  pressure  of  Pco=3 
torr.  The  O2/N2  and  NO/N2  mixture  partial  pressure  was  varied  from  1  torr  to  100  torr.  Note  that 
adding  the  same  amoimts  of  pure  nitrogen  (without  the  additives)  to  the  baseline  gas  mixtures 
did  not  produce  significant  changes  in  the  measured  electron  density. 
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3.  Results  and  Discussion 

Figure  3  shows  the  low-resolution  (8  cm*')  CO  first  overtone  infrared  emission  spectra 
measured  in  the  optically  pumped  CO-Ar  plasmas  with  O2  and  NO  additives.  At  these 
conditions,  vibrational  levels  up  to  v~35-40  are  populated  and  radiating.  From  Fig.  3,  one  can 
see  that  adding  small  amounts  (-0.1%)  of  oxygen  to  the  cell  gases  results  in  the  depopulation  of 
the  high  vibrational  levels  of  CO  (v>  15-20),  without  producing  significant  changes  in  the  low 
vibrational  level  populations.  This  is  most  likely  due  to  the  rapid  near-resonance  V-V  energy 
transfer  from  highly  excited  CO  to  O2, 

CO(v)  +  O,  (0)  ^  CO(v  - 1)  +  O,  (1) ,  V  -  25  (7) 

as  discussed  in  our  previous  publication  [15].  On  the  other  hand,  adding  conqiarable  amounts  of 
nitric  oxide  to  the  baseline  CO-Ar  mixture,  in  addition  to  reducing  the  intensities  of  the  high 
vibrational  bands  (v'=20-30)  conqjared  to  the  low  bands  (v'=2-5),  decreases  the  absolute 
intensity  of  the  entire  spectrum  (see  Fig.  3).  This  indicates  that  the  populations  of  aU  CO 
vibrational  levels  in  the  range  v~2-35  are  substantially  reduced  in  the  presence  of  NO.  This  is 
consistent  with  the  fact  that  compared  to  CO  and  O2,  NO  is  a  much  faster  V-T  relaxer  [23],  so 
that  even  the  low  vibrational  levels  of  CO  are  depopulated  by  the  rapid  V-T  relaxation  processes 
such  as 


CO(v  =  1)  +  VO  ->  CO(v  =  0)  +  VO ,  (8) 

which  are  competing  with  the  V-V  pumping  process  of  Eq.  (1).  Thus,  in  both  these  cases,  the 
concentration  of  the  highly  vibrationally  excited  CO  molecules  in  the  cell  is  reduced.  Indeed, 
Fig.  4  illustrates  this  effect  showing  CO  vibrational  distribution  functions  inferred  from  the  high- 
resolution  (0.25  cm'')  CO  infrared  spectra  in  CO-Ar-02  mixtures.  Similar  behavior  has  been 
previously  observed  from  the  CO  distribution  function  measurements  in  CO-Ar-NO  mixtures 
[20].  At  these  e?q)erimental  conditions  (P=100  torr,  Pco=3  torr),  the  translational/rotational  mode 
temperature  inferred  from  the  high-resolution  (0.25  cm*')  infrared  spectra  is  in  the  range  of 
T=500-700  K  [8,18,20]. 
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Figure  5  displays  the  microwave  signal  intensity  transmitted  through  an  optically  pumped 
CO-Ar-NO  plasma.  As  discussed  in  Section  2,  the  signal  is  modulated  by  a  chopper  providing  a 
square  wave  laser  input  into  the  cell.  It  can  be  seen  from  Fig.  5  that  turning  on  the  laser  results  in 
the  well-pronounced  attenuation  of  the  transmitted  signal  due  to  the  vibrationally  stimulated 
ionization  in  the  cell. 

Figures  6  and  7  show  the  average  electron  density  in  the  optically  pumped  CO-Ar 
plasmas  with  small  admixtures  of  O2  and  NO,  respectively.  One  can  see  that  in  both  cases  adding 
50-75  mtorr  of  oxygen  or  nitric  oxide  to  the  cell  gases  increases  the  electron  density  by  about  a 
factor  20-40,  up  to  ne=(1.5-3.0)-10*'  cm■^  compared  with  the  baseline  case  with  only  CO  and  Ar 
in  the  cell,  ne=(3-6)-10^  cm■^  This  type  of  behavior  is  somewhat  unexpected  since  oxygen  is 
known  to  be  an  efficient  electron  attacher  by  a  three-body  process, 

e~  +0^+M  (9) 

with  a  rate  of  kattN=10  ‘'  cmVs  [24],  which  is  likely  to  reduce  the  electron  density.  Further 
increase  of  the  additive  partial  pressure  up  to  400-500  mtorr  resulted  in  the  gradual  reduction  of 
the  electron  density  back  to  to  ne=(l-2)10'°  cm'^  (see  Figs.  6,7).  The  uncertainty  in  the  measured 
electron  density,  indicated  by  the  error  bars  in  Figs.  6,7  is  mostly  due  to  uncertainty  in  the 
diameter  of  the  ionized  region,  estimated  to  be  in  the  range  between  2.0  and  3.0  mm  (see  Section 
2).  The  measured  maximum  electron  densities  are  consistent  both  with  the  values  predicted  by 
coupled  master  equation  /  Boltzmann  equation  modeling  calculations  [19]  and  inferred  from  RF 
probe  conductivity  measurements  [20].  Similar  behavior  of  electron  density  as  a  fimction  of 
additive  partial  pressure  was  observed  in  CO/N2/O2  and  CO/N2/NO  mixtures  (see  Fig.  8),  where 
the  electron  density  also  increased  by  about  a  fector  of  10-20  in  the  presence  of  25-75  mtorr  O2 
or  NO. 


The  observed  sharp  electron  density  rise  with  the  additive  partial  pressure  between  0  and 
100  mtorr  (see  Figs.  6,7)  occurs  despite  the  frict  that  the  CO  vibrational  level  populations  have 
been  found  to  monotonously  decrease  when  oxygen  or  nitric  oxide  are  added  to  the  cell  (see 
Figs.  3,4  and  Ref  [20]).  This  rise  might  be  interpreted  by  the  participation  of  O2  and  NO 
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molecules,  which  both  have  lower  ionization  potentials  than  CO  (12.1  eV,  9.6  eV,  and  14.0  eV, 
respectively),  in  the  vibrationally  stimulated  ionization  process  of  Eq.  (4).  However, 
measurements  of  the  net  electron  production  rate  at  these  conditions  turn  out  to  be  inconsistent 
with  this  suggestion.  Figure  9  shows  current-voltage  characteristics  of  the  Thomson  discharge 
sustained  between  two  DC  electrodes  in  the  CO-Ar-02  plasma  (see  Fig.  2).  One  can  see  that  the 
saturation  current  of  this  discharge,  proportional  to  the  electron  production  rate  in  the  plasma,  is 
actually  dropping  with  the  O2  concentration.  As  discussed  in  Section  2,  in  the  saturation  regime, 
the  applied  electric  field  removes  as  many  electrons  per  second  as  are  produced  in  the  entire 
discharge  volume.  This  is  illustrated  by  the  measurements  of  electron  density  in  the  Thomson 
discharge  as  a  function  of  the  applied  voltage  (see  Fig.  10).  The  fact  that  the  electron  density  in 
the  plasma  drops  by  about  an  order  of  magnitude  as  the  discharge  approaches  saturation  confirms 
that  the  saturation  ciirrent  indeed  approaches  the  net  electron  production  rate  (within  about  10%). 

The  independent  measurements  of  the  electron  density  and  the  electron  production  rate 
lead  us  to  conclude  that  the  simultaneous  electron  production  rate  drop  and  electron  density  rise 
with  the  additive  partial  pressure  can  be  only  due  to  the  net  electron  removal  rate  reduction  in  the 
presence  of  small  amoimts  of  O2  or  NO  (up  to  100  mtorr)  in  the  optically  pumped  CO-Ar  and 
CO/N2  plasmas. 

To  infer  the  electron  removal  rate  in  the  optically  pumped  plasmas,  we  measured  both  the 
electron  production  rate  and  the  electron  density  in  the  same  experiment.  At  these  conditions,  the 
electron  removal  rate  is  essentially  a  sum  of  three  processes,  (i)  ambipolar  diffusion  of  charged 
species  out  of  the  ionized  region,  (ii)  electron-ion  recombination,  and  (iii)  electron  attachment  to 
oxygen  molecules.  The  time  scales  for  the  electron  removal  by  the  first  two  mechanisms  differ 
by  about  an  order  of  magnitude,  'c<iiff~d^/Da~10  msec  and  Trec~l/pne~0.1-1.0  msec,  where  d~0.2- 
0.3  cm  is  the  diameter  of  the  ionized  region,  Da~5  cm^/sec  is  the  ambipolar  diffusion  coefficient 
at  P=100  torr  [25],  P~10‘*-10‘’  cm^/sec  is  the  dissociative  recombination  coefficient,  and  ne~10" 
cm'^  is  the  electron  density.  Therefore  in  the  present  work  we  neglect  charge  species  loss  by 
diffusion.  Also,  O2'  ion  formation  by  the  three-body  electron  attachment  process  of  Eq.  (9)  is 
neglected.  The  arguments  in  favor  of  this  assumption  are  as  follows:  (i)  adding  small  amounts  of 
O2  to  the  cell  gases  results  in  an  increase  of  the  electron  density  in  the  plasma,  which  suggests 
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that  rapid  three-body  elecron  attachment  to  oxygen  is  mitigated  to  a  large  extent,  (ii)  similar 
results  were  obtained  when  comparable  amounts  of  NO,  which  is  not  an  efficient  electron 
attacher,  are  added  to  the  cell  gases,  and  (iii)  Raman  spectroscopy  measurements  of  the  O2 
vibrational  level  populations  (v=0-12)  in  the  optically  pumped  CO/N2/O2  plasmas  [15,16]  show 
that  O2  in  these  mixtures  becomes  strongly  vibrationally  excited,  reaching  vibrational 
temperature  of  Tv(02)=2200-3600  K.  In  particular,  the  latter  result  suggests  that  strong 
vibrational  excitation  of  O2  might  well  stimulate  detachment  of  electrons  from  the  weakly  boxmd 
O2'  ions  (with  electron  affininity  of  -0.43  eV). 

With  the  dominant  electron  removal  process  being  dissociative  recombination,  in  the 
steady  state  its  rate  can  be  directly  inferred  from  the  electron  production  rate  per  unit  volume,  S, 
and  the  electron  density,  n*. 


Figures  11,12  show  the  results  of  simultaneous  measurements  of  the  electron  production 
rate  inferred  from  the  Thomson  discharge  saturation  current  and  the  electron  density  in  the 
optically  ptunped  CO-Ar-02  and  in  CO-Ar-NO  mbctures,  respectively.  From  Fig.  11,  one  can  see 
that  the  electron  production  rate  drops  with  the  O2  partial  pressure  by  about  a  fector  5,  while 
electron  density  increases  by  approximately  a  factor  of  30.  Similarly,  Fig.  12  shows  that  the 
electron  production  rate  weakly  changes  (approximately  within  a  fector  of  2)  depending  on  the 
NO  partial  pressure,  while  the  electron  density  increases  with  the  NO  partial  pressure  almost  by  a 
factor  of  50.  Figure  13  shows  the  electron-ion  recombination  rate  coefficients  inferred  from  these 
data  using  Eq.  (10).  It  can  be  seen  that  the  recombination  rate  in  CO-Ar-Oa  and  in  CO-Ar-NO 
mixtures  decreases  by  about  three  orders  of  magnitude,  from  its  baseline  value  of  (3=2- 10'^ 
cm^/sec  (with  no  additives  in  the  cell)  to  P~1.510'*  cmVsec  with  50-100  mtorr  oxygen  or  nitric 
oxide  added  (see  Fig.  13).  Interestingly,  the  electron-ion  recombination  coefficients  in  both 
mixtures  (with  50-100  mtorr  of  O2  or  NO  added)  are  very  close,  which  shows  that  the 
contribution  of  electron  attachment  to  oxygen  at  these  conditions  is  negligible.  Similarly,  the 
recombination  rate  in  CO-N2-O2  and  CO-N2-NO  mixtures  decreases  by  about  two  orders  of 
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niEgnitudc,  from  P=^5'10'^  cm^/sec  with  no  additives  in  the  cell  to  P~(2-3)-10  cm  /sec  with  75- 
100  mtorr  O2  or  NO  added  (see  Fig.  14).  Here  again  the  difference  between  the  recombination 
coefficients  in  O2  and  NO  doped  CO-N2  mixtures  is  small. 

Thus,  adding  small  amounts  (-0.05-0.1%)  of  O2  and  NO  to  the  optically  pumped  CO-Ar 
and  CO-N2  plasmas  allows  control  and  considerable  increase  of  the  electron  density  (from  ne=(6- 
8)- 10^  cm‘^  up  to  ne=(l-3)-10"  cm'^)  by  reducing  the  electron-ion  recombination  rate  (by  up  to  2- 
3  orders  of  magnitude).  This  result  is  consistent  with  the  electron  density  and  recombination  rate 
inference  from  the  RF  probe  plasma  conductivity  measurements  [20]. 

Quantitative  interpretation  of  the  observed  effect,  i.e.  identifying  specific  kinetic 
processes  responsible  for  the  electron  recombination  rate  reduction,  requires  knowledge  of  the 
ion  composition  of  the  optically  pumped  plasma.  However,  a  qualitative  scenario  can  be 
suggested  based  on  previous  ion  composition  measurements  in  a  glow  discharge  in  CO-Ar-02 
mixtures  using  in  situ  ion  mass  spectrometry  [26].  The  mass  spectra  taken  in  CO/Ar  mixtures 
without  oxygen  show  that  the  dominant  ions  in  the  discharge  are  dimer  ions  (00)2"^  and  cluster 
ions  of  the  general  form  Cn(CO)2’*^,  n=l-15.  However,  adding  a  few  tens  of  millitorr  of  O2  to 
these  gas  mbctures  resulted  in  nearly  complete  disappearance  of  these  ions  and  their  replacement 
by  the  02"*^  ions.  Note  that  the  electron-ion  dissociative  recombination  rate  of  the  dimer  (CO)2^ 
ion,  P=210'^  cm^/s  [27],  greatly  exceeds  the  rate  of  recombination  of  the  monomer  02^  ion, 
P=(3-5)-10'*  cm^/s  at  the  electron  temperature  of  Te~0.3-0.5  eV  [21].  The  recombination  rate  of 
the  large  carbon  cluster  ions  can  possibly  be  even  higher.  A  similar  process,  i.e.  destruction  of 
the  rapidly  recombining  carbon-based  cluster  ions  and  their  replacement  by  the  slowly 
recombining  monomer  ions,  such  as  02^  and  NO"^,  might  also  occur  in  optically  pumped 
plasmas.  This  might  occur  in  rapid  exothermic  ion-molecule  reactions,  such  as 

(C0^2  "I"  ^2  — y  CO  CO  O2  (11) 

(CO)l  +NO-^CO  +  CO  +  NO^  (12) 
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(both  O2  and  NO  have  much  lower  ionization  potential  than  CO).  In  addition,  rapid  resonance 
charge  transfer  from  the  vibrationally  excited  02(v)  and  NO(v)  molecules  to  02^  and  NO^  ions 
can  produce  vibrational  excitation  of  these  ions,  which  may  further  reduce  the  dissociative 
recombination  rate  [28].  More  information  on  the  detailed  kinetic  mechanism  of  the  observed 
effect  is  expected  to  be  obtained  from  ion  mass  spectrometry  measurements  in  the  optically 
pumped  plasmas. 

The  observed  effects  also  open  a  possibility  of  additional  energy  coupling  to  the 
vibrational  modes  of  diatomic  molecules  in  the  optically  pumped  plasmas  (such  as  CO  and  N2). 
This  process,  which  requires  some  initial  ionization  of  the  gas  mixture,  relies  on  free  electron 
heating  by  an  external  sub-breakdown  RF  field  with  subsequent  vibrational  excitation  by 
electron  impact.  Indeed,  if  the  reduced  electric  field  is  in  the  range  E/N=(l-3)*10‘'^  V-cm^,  which 
is  about  an  order  of  magnitude  lower  than  the  breakdown  threshold,  up  to  90%  of  the  input 
electrical  power  coupled  to  the  plasma  goes  to  excitation  of  vibrational  modes  of  molecules,  such 
as  CO  and  N2  [29-31].  The  use  of  this  effect  would  allow  sustaining  large  volumes  of  strongly 
nonequilibrium  optically  pumped  gases  without  using  a  high-power  pun^  laser. 

4.  Summary 

Electron  production  rate  and  electron  density  in  cold  optically  pumped  CO-Ar  and  CO-N2 
plasmas  in  the  presence  of  small  amounts  of  O2  and  NO  have  been  measured  using  a  Thomson 
discharge  probe  and  microwave  attenuation.  Nonequilibrium  ionization  in  the  plasmas  is 
produced  by  an  associative  ionization  mechanism  in  collisions  of  highly  vibrationally  excited  CO 
molecules.  It  is  shown  that  adding  small  amounts  of  O2  or  NO  (50-100  mtorr)  to  the  baseline  gas 
mixtures  at  P=100  torr  results  in  an  increase  of  the  electron  density  by  up  to  a  factor  of  20-40 
(from  ne<10*°  cm‘^  to  ne=(l*5-3.0)-10"  cm‘^).  This  occurs  while  the  electron  production  rate 
either  decreases  (as  in  the  presence  of  O2)  or  remains  nearly  constant  within  a  factor  of  2  (as  in 
the  presence  of  NO).  It  is  also  shown  that  the  electron-ion  recombination  rates  inferred  from 
these  measurements  decrease  by  2  to  3  orders  of  magnitude  con:q)ared  to  their  baseline  values 
(with  no  additives  in  the  cell),  down  to  Psl.5-10'*  cm^/sec  with  50-100  mtorr  of  oxygen  or  nitric 
oxide  added  to  the  baseline  CO-Ar  mixture,  or  P=(2-3)-10’’  cm^/sec  with  75-100  mtorr  of  O2  or 
NO  added  to  the  baseline  CO-N2  mixture.  The  overall  electron-ion  removal  rates  in  the  presence 
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of  equal  amounts  of  O2  or  NO  additives  turn  out  to  be  very  close,  which  shows  that  the  effect  of 
electron  attachment  to  oxygen  at  these  conditions  is  negligible.  These  results  suggest  a  novel 
method  of  electron  density  control  in  cold  laser-sustained  steady-state  plasmas  and  open  a 
possibility  of  sustaining  of  stable  high-pressure  nonequilibrium  plasmas  at  high  electron 
densities  and  low  plasma  power  budget. 
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Intensity 


Figure  3.  First  overtone  CO  emission  spectra  in  optically  pumped  CO-Ar  mixtures 
with  small  amounts  of  O2  and  NO  added.  Pco=3  torr,  PAr=100  torr 
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Figtire  4.  CO  vibrational  level  populations  for  the  conditions 
similar  to  those  of  Fig.  3.  Pco=2  torr,  PAr=100  torr 
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Figure  5.  Transmitted  microwave  signal  with  the 
pump  CO  laser  turned  on  and  off.  Pco=3  torr, 
Pat^IOO  torr,  Pno=50  mtorr 
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Figure  6.  Electron  density  in  CO-Ar-02  mix¬ 
tures  as  a  function  of  the  O2  partial  pressure 
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Figure  7.  Electron  density  in  CO-Ar-NO  Figure  8.  Electron  density  in  CO-N2  mixtures  as 

mixtures  as  a  function  of  the  NO  partial  pressure  a  function  of  the  NO  partial  pressure 
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Figure  9.  Saturation  of  the  Thomson  discharge  in 
the  optically  pumped  CO-Ar-Oa  mixtures 
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Figure  10.  Electron  removal  by  the  applied 
field  in  the  Thomson  discharge  approaching 
saturation. 
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Figure  11.  Electron  production  rate  and  electron 
density  in  CO-Ar-Oa  mixtures  as  a  function  of 
O2  partial  pressure. 


Figure  12  Electron  production  rate  and  electron 
density  in  CO-Ar-NO  mixtures  as  a  function  of 
NO  partial  pressure 
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Figure  13.  Electron  recombination  rate 
coefficient  in  CO-Ar  mixtures  as  a  function  of 
additive  partial  pressure 


Figure  14.  Electron  recombination  rate 
coefficient  in  CO-N2  mixtures  as  a  function  of 
additive  partial  pressure 
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CHAPTER  II 

ELECTRON-MEDIATED  VIBRATION-ELECTRONIC  (V-E)  ENERGY  TRANSFER 

IN  OPTICALLY  PUMPED  PLASMAS 


1.  Introduction 

Collisional  relaxation  of  long-lived  vibrational  and  metastable  electronic  states  of 
molecules  is  a  fundamental  problem  in  plasma  physics  and  chemistry  [1].  In  particular,  energy 
transfer  from  the  vibrational  to  the  electronic  energy  mode  (V-E  energy  transfer)  has  been 
studied  extensively  in  highly  vibrationally  excited  CO  produced  by  vibration-to-vibration  (V-V) 
pumping  [2-10].  Lower  vibrational  states  of  CO,  v<10,  can  be  populated  either  by  electron 
impact  excitation  in  electric  discharges  or  by  direct  resonance  absorption  of  CO  pump  laser 
radiation.  Rapid  redistribution  of  population  by  V-V  exchange  processes  [11], 

CO(v)  +  COiw)  CO{v  -F 1)  +  COiw  - 1),  V  >  w .  (1) 

then  continues  to  populate  higher  vibrational  levels  above  v~10,  which  are  not  directly  coupled 
to  the  initial  excitation  process.  However,  population  of  levels  higher  than  v=42  has  never  been 
observed.  Since  vibrational  level  v=41  of  the  ground  electronic  state,  X‘Z,  is  nearly  isoenergetic 
with  the  vibrational  level  v=l  of  the  A*n  excited  electronic  state  [3],  it  was  suggested  that 
CO(A®n)  may  be  populated  by  near-resonance  vibration-to-electronic  (V-E)  energy  transfer 
from  high  vibrational  levels  of  the  ground  electronic  state, 

CO(X%v  ~  40)  +  CO->  CO(A'n,v  ~  0)  +  CO ,  (2) 

with  subsequent  rapid  decay  by  emission  of  UV  radiation, 

CO(^’n)  ^  CO(X%  +  hv.  (3) 

Previous  time-resolved  measurements  of  UV  radiation  in  optically  pumped  CO  plasmas  [2] 
support  this  mechanism  since  the  rise  time  for  the  CO(A‘n,  v=l)  population  after  the  CO  punp 
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laser  was  turned  on  was  approximately  equal  to  that  of  the  CO(X’2,v=35)  vibrational  level 
population.  In  addition,  a  strong  dependence  of  the  CO(A‘n)  population  on  the  population  of 
high  vibrational  levels  of  the  ground  electronic  state,  which  can  be  controlled  by  fast  vibration- 
to-translation  (V-T)  relaxers  such  as  helium,  has  also  been  observed  in  steady  state  experiments 
[4].  However,  a  more  detailed  analysis  of  these  experiments  does  not  support  the  direct  resonant 
mechanism  of  Eq.  (2),  but  instead  suggests  that  the  energy  transfer  process  involves  additional 
intermediate  stages.  For  example,  Wallaart  et  al.  [4]  propose  a  more  complex  mechanism 
involving  intermediate  energy  transfer  to  CO  triplet  states.  A  similar  direct  energy  transfer 
process  was  also  proposed  for  V-E  transfer  between  vibrational  level  v~25  and  the  CO(a^n)  state 
in  electric  discharge  plasmas  [5].  However,  laser  magnetic  resonance  spectroscopy 
measurements  in  optically  pumped  CO-Ar  plasmas  did  not  show  any  detectable  population  of  the 
CO(a^D)  state  [6]. 

Previous  experiments  in  the  Nonequilibrium  Thermodynamics  Group  at  the  Ohio  State 
University  showed  that  energy  transfer  occurs  in  superelastic  collisions  between  highly 
vibrationally  excited  CO  molecules  and  low  energy  electrons  [12,  13].  The  present  paper 
presents  results  indicating  that  these  low-energy  electrons  also  mediate  V-E  energy  transfer  in 
strongly  vibrationally  excited  CO.  The  kinetics  of  ionization  in  CO  laser  pumped,  low- 
temperature,  strongly  nonequilibrium  CO-Ar  and  CO-N2  plasmas  have  been  extensively  studied 
[12-17].  Ionization  these  plasmas  does  not  require  the  presence  of  an  electric  field  and  occurs  by 
an  associative  ionization  mechanism,  in  collisions  of  two  highly  vibrationally  excited  molecules, 

CO(X%  v)  +  CO(X%  w)  (CO);  -b  e- 

if  the  total  vibrational  energy  of  the  reactants,  Ev+Ew,  exceeds  the  ionization  energy  of  EionSM 
eV  [12-14].  The  mechanism  of  Eq.  (4)  creates  electrons  with  rather  low  initial  energies.  Both  the 
electron  production  rate  per  unit  volume,  up  to  S=2.010*^  electrons-cm'^sec"’,  and  the  associative 
ionization  rate  coefficient,  kion=(l-l"l-8)*10''^  cm^sec'*,  have  been  determined  from 
measurements  of  the  saturation  current  of  a  non-self-sustained  Thomson  discharge  [12-14].  This 
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discharge  was  initiated  between  two  circular  probe  electrodes  placed  close  to  the  laser-sustained 
plasma  region.  At  saturation,  the  number  of  electrons  removed  from  the  plasma  by  a  weak  (sub¬ 
breakdown)  electric  field  applied  to  the  electrodes  is  approximately  equal  to  the  rate  of  electron 
production,  while  the  electron  density  in  the  plasma  is  much  lower  than  in  the  absence  of  the 
field  [12,16].  Basically,  this  method  allows  nearly  complete  removal  of  electrons  from  the 
plasma. 


The  electron  density  in  the  optically  pumped  CO-Ar  and  CO-N2  plasmas,  with  and 
without  O2  and  NO  additives,  has  been  measured  by  microwave  attenuation  [16].  These 
measurements  show  that  the  electron  density  in  both  CO-Ar  and  CO-N2  plasmas  without 
additives  is  low,  ne<10'°  cm'^  at  a  total  number  density  of  N=1.6-10’*  cm*'’  and  at  an  electron 
production  rate  of  up  to  S=0.8-10'^  electrons  cm'^sec*'  [16].  At  these  conditions,  the  rate  of 
electron-ion  recombination  inferred  from  the  electron  production  rate  and  the  electron  density, 
which  are  simultaneously  measured,  is  very  rapid,  P=S/ne^~10*^  cm^sec*’  [15,  16].  However, 
adding  small  amoimts  (up  to  0.1%)  of  either  O2  or  NO  to  the  plasma  resulted  in  an  electron 
density  increase  by  a  factor  of  30-50,  up  to  ne=(l-3)*10"  cm*^  [16].  Remarkably,  this  occurred 
while  the  electron  production  rate  S  decreased  somewhat,  primarily  due  to  the  faster  V-T 
relaxation  of  high  vibrational  levels  of  CO  by  collisions  with  the  additive  species  [14].  This 
demonstrates  that  the  electron-ion  recombination  rate  in  the  presence  of  small  amounts  of 
oxygen  or  nitric  oxide  is  dramatically  reduced,  down  to  P=(l-2)-10‘*  cm^sec*’  in  CO-Ar  plasmas 
[15,  16]  and  P=(2-3)-10*’  cm^sec*’  in  CO-N2  plasmas  [16].  The  reduction  of  the  electron-ion 
recombination  rate  observed  in  the  presence  of  small  amoimts  of  oxygen  or  nitric  oxide  is 
consistent  with  the  previous  results  of  in  situ  ion  composition  measurements  in  glow  discharges 
in  CO-Ar-02  mixtures  [18].  These  experiments  showed  that  adding  small  amoimts  of  O2  (<1%) 
to  the  baseline  CO-Ar  glow  discharge  plasma  results  in  replacing  of  rapidly  recombining  cluster 
ions  Cn(CO)2^,  n=l-15  by  slowly  recombining  02^  ions  (see  discussion  in  [16]).  A  similar 
process,  i.e.  destruction  of  the  rapidly  recombining  carbon-based  cluster  ions  and  their 
replacement  by  slowly  recombining  monomer  ions,  such  as  02^  and  NO*^,  is  probably  responsible 
for  the  observed  electron  recombination  rate  reduction  and  the  consequent  electron  density  rise 
in  the  optically  pumped  plasmas. 
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Finally,  our  preliminary  experiments  [12]  also  demonstrated  that  removal  of  electrons  from  the 
plasma  using  a  saturated  Thomson  discharge  is  accompanied  by  a  noticeable  rise  of  the  CO 
vibrational  level  populations,  v=19-37  (up  to  about  a  factor  of  2).  This  behavior  is  consistent 
with  the  depopulation  of  the  high  vibrational  levels  of  CO  by  superelastic  collisions  with 
electrons. 


CO{X%  v)  +  {€)  CO{X%  V  -  Av)  +  {s  +  Af ) ,  (5) 

whereas  the  removal  of  electrons  inhibits  this  process  [13].  The  process  of  Eq.  (5),  which  is 
known  to  efficiently  transfer  up  to  at  least  10  vibrational  quanta  of  CO  [19],  may  substantially 
increase  the  energy  of  electrons  formed  by  associative  ionization,  Eq.  (4).  Such  electron  heating 
by  superelastic  collisions  can  result  in  populating  excited  electronic  states  by  electron  impact 
collisions  with  vibrationally  excited  ground  state  CO  molecules,  such  as 


v)  +  6  (f  +  Af ) — y  CO(^A^Tl,w^ -h  €  (6) 

Similar  electron  impact  excitation  can  also  occur  with  other  vibrationally  excited  species  present 
in  the  plasma.  The  primary  objective  of  the  present  paper  is  to  study  the  feasibility  of  two-stage, 
electron-mediated  vibrational-to-electronic  (V-E)  energy  transfer  in  CO,  given  by  Eqs.  (5)  and 
(6).  Optically  pumped  plasmas  present  a  clean  environment  for  studying  such  energy  transfer 
processes.  Unlike  self-sustained  electric  discharge  plasmas,  the  electron  density  in  optically 
pumped  plasmas  can  be  controlled  nearly  independently  of  the  CO  vibrational  level  populations, 
as  discussed  above. 

2.  Experimental 

The  overall  schematic  of  the  experimental  setup  used  for  our  studies  of  the  V-E  energy 
transfer  in  optically  pumped  plasmas  is  shown  in  Fig.  1.  A  c.w.  carbon  monoxide  laser  is  used  to 
excite  CO/Ar  and  CO/N2  gas  mixtures,  with  or  without  additives  such  as  O2  or  NO,  slowly 
flowing  through  the  Pyrex  glass  optical  absorption  cell  shown.  The  liquid  nitrogen  cooled  CO 
laser  [10]  is  designed  in  collaboration  with  the  University  of  Bonn  [20]  and  fabricated  at  Ohio 
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State.  It  produces  a  substantial  fraction  of  its  power  output  on  the  v  =  1  ->0  fundamental  band 
component  in  the  infinred.  In  the  present  experiments,  the  laser  is  typically  operated  at  1 8-20  W 
c.w.  broadband  power  on  the  lowest  ten  vibrational  bands.  The  output  on  the  lowest  bands  (1— >0 
and  2— >1)  is  necessary  to  start  the  absorption  process  in  cold  CO  (initially  at  300  K)  in  the  cell. 
The  laser  beam  is  focused  to  a  focal  area  of  -1  mm  diameter  to  increase  the  power  loading  per 
CO  molecule,  producing  an  excited  region  10-20  cm  long  and  2-3  mm  in  diameter. 

The  lower  vibrational  states  of  CO,  v<10,  are  populated  by  direct  resonance  absorption  of 
the  pump  laser  radiation  with  subsequent  population  of  high  vibrational  levels  by  V-V  punping 
(see  Eq.  (1)).  The  large  heat  capacity  of  the  Ar  and  N2  diluents,  as  well  as  conductive  and 
convective  cooling  of  the  gas  flow,  enable  control  of  the  translational/rotational  mode 
temperature  in  the  cell.  At  steady-state  conditions,  when  the  average  vibrational  mode  energy  of 
the  CO  would  correspond  to  a  few  thousand  degrees  Kelvin,  the  temperature  never  rises  above  a 
few  hundred  degrees.  Thus  a  strong  disequipartition  of  energy  can  be  maintained  in  the  cell, 
characterized  by  a  very  high  vibrational  mode  energy  and  a  low  translational/rotational  mode 
temperature.  As  shown  in  Fig.  1,  the  population  of  vibrational  states  of  CO  in  the  cell  is 
monitored  using  a  Bruker  IFS  66  Fourier  transform  infrared  spectrometer,  which  records 
spontaneous  emission  from  the  CO  fundamental,  &st  and  second  overtone  bands  through  a  CaF2 
window  on  the  side  of  the  cell.  The  infrared  spectra  are  taken  at  both  high  (0.25  cm*’)  and  low  (8 
cm'*)  resolution.  Electronically  excited  radiating  molecules  are  simultaneously  detected  by  an 
Acton  Research  VH-504  UV  monochromator  with  a  resolution  of  0.1  nm  through  a  MgF2 
window  on  the  opposite  side  of  the  cell.  In  the  present  study,  the  monochromator  was  not 
evacuated. 

Ionization  of  highly  excited  CO  molecules  in  the  cell  occurs  by  the  associative  ionization 
mechanism  of  Eq.  (4).  The  electrons  can  be  removed  from  the  optically  pumped  plasma  by 
means  of  a  saturated  DC  Thomson  discharge  sustained  between  two  3  cm  diameter  electrodes 
placed  10-20  mm  apart,  as  shown  in  Fig.  2.  Two  infrared  transparent  CaF2  windows  placed 
upstream  and  downstream  of  the  electrodes  (see  Fig.  2)  isolate  the  plasma  generated  in  the 
interelectrode  space  from  the  plasma  sustained  in  the  remainder  of  the  cell.  This  significtintly 
reduces  the  charged  species  drift  and  diffusion  into  the  interelectrode  space  and  allows  reaching 
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a  well-pronounced  current  saturation  [16].  As  discussed  in  Section  1,  at  saturation,  the  number  of 
electrons  removed  from  the  plasma  by  an  electric  field  apphed  to  the  electrodes  is  approximately 
equal  to  the  rate  of  electron  production,  while  the  electron  density  in  the  plasma  is  much  lower 
than  in  the  absence  of  the  field  [12,  16].  The  applied  voltage  was  deliberately  kept  sufficiently 
low  to  preclude  electron  impact  ionization.  Thus,  in  the  present  experiments  the  Thomson 
discharge  is  primarily  used  for  electron  removal  from  the  optically  pumped  plasma.  The  electron 
density  in  the  optically  pumped  plasma  is  independently  measured  by  attenuation  of  v=10  GHz 
microwave  radiation  using  two  waveguides  placed  1  cm  apart  as  shown  in  Fig.  2.  Both  the 
Thomson  discharge  and  the  microwave  apparatus  used  in  the  present  experiments  are  discussed 
in  greater  detail  in  Ref.  [16]. 

The  experiments  were  carried  out  in  CO-Ar  and  CO-N2  mixtures  at  pressures  of  P=100- 
500  Torr.  The  CO  firaction  in  the  gas  mixtures  was  typically  1%.  To  add  controlled  small 
amounts  (on  the  order  of  a  hundred  mTorr)  of  O2  and  NO  to  the  cell,  they  were  both  used  diluted 
in  argon  at  the  5%  and  10%  level,  respectively.  The  resultant  02/Ar  and  NO/Ar  gas  mixtures 
have  been  added  to  the  baseline  CO/Ar  and  CO/N2  gas  mixtures. 


3.  Kinetic  model 

The  kinetic  model  used  incorporates  a  coupled  master  equation  for  the  CO  and  N2 
vibrational  level  populations  (vibrational  distribution  function,  VDF)  and  the  Boltzmann 
equation  for  the  symmetric  part  of  the  electron  energy  distribution  function  (EEDF).  The  explicit 
form  of  the  master  equation  and  Boltzmann  equation  used  in  the  present  calculations  can  be 
foimd  in  [10,  21-23].  The  model  takes  into  account  CO  vibrational  excitation  by  resonance 
absorption  of  CO  laser  radiation,  vibration-to-translation  (V-T)  relaxation  and  vibration-to- 
vibration  (V-V)  exchange  in  collisions  between  CO,  N2,  and  Ar,  as  well  as  associative  ionization 
of  vibrationally  excited  CO  molecules.  For  the  V-V  and  V-T  processes  the  same  rates  are  taken 
as  in  [10,  21,  22].  The  rates  of  associative  ionization  and  electron-ion  recombination  used  in  the 
calculations  have  been  measured  in  previous  optical  pumping  experiments  at  Ohio  State  [14-16]. 
The  collision  integral  in  the  Boltzmann  equation  incorporates  elastic  scattering  of  electrons  on 
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CO  and  N2  molecules  and  Ar  atoms,  electron  impact  vibrational  excitation  /  superelastic 
collisions  between  molecules  and  electrons. 


AB{X%  v)  +  {£)  <-»  AB{XX  w)  +  e'  (s') 


0<  v,w<40. 


V  — w 


<10 


(7) 


as  well  as  electronic  excitation  and  electron  impact  ioni2ation  of  CO,  N2,  and  Ar.  In  Eq.  (7),  AB 
represents  a  CO  or  N2  molecule,  v  and  w  are  vibrational  quantum  numbers,  and  e  and  e'  are  the 
electron  energies.  Cross  sections  for  the  processes  of  Eq.  (7),  have  been  evaluated 

using  the  semi-empirical  theory  of  Ref  [24]  and  adjusted  to  fit  the  few  available  experimental 
cross  sections,  <To^^(f)(see  [25,  26]  for  more  details).  The  rest  of  the  elastic  and  inelastic 

electron  scattering  cross  sections  are  taken  from  [27-  29].  The  present  kinetic  model  has  been 
validated  and  extensively  used  for  modeling  of  various  optical  pumping  experiments  [10,  13,  21, 
22]. 


4.  Results  and  Discussion 

Figures  3  and  4,  taken  from  Ref.  [16],  show  the  current- voltage  characteristics  of  a 
Thomson  discharge  between  the  probe  electrodes  as  well  as  the  electron  density  in  the  plasma  as 
a  fimction  of  the  applied  voltage.  It  can  be  seen  that  as  the  Thomson  discharge  approaches 
saturation,  the  electron  density  is  reduced  approximately  by  an  order  of  magnitude,  i.e.  the 
electrons  are  indeed  removed  by  the  applied  field.  Figure  5  shows  low-resolution  (8  cm'')  CO 
first  overtone  emission  spectra  in  an  optically  pumped  CO/Ar=l/100  mixture  (with  50  mTorr  O2 
additive)  at  P=100  Torr,  with  and  without  a  voltage  applied  to  the  Thomson  discharge  electrodes. 
Oxygen  was  added  to  the  cell  gases  to  achieve  a  higher  electron  density  of  up  to  ne~10  cm' ,  as 
disciissed  in  Section  1.  It  can  be  seen  that  applying  a  near-saturation  voltage  to  the  electrodes 
(Us=500  V,  Is=4.6  jiA),  to  remove  electrons  from  the  optically  pumped  gas  mixture,  results  in  a 
substantial  increase  of  the  infrared  emission  intensity  from  high  vibrational  levels  of  CO(X'2). 
This  effect  has  been  first  reported  in  our  earlier  publication  [13].  Figure  6  shows  the  CO 
vibrational  distribution  functions  (VDFs)  for  these  conditions,  inferred  from  high-resolution 
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(0.25  cm**)  infrared  spectra  using  a  standard  technique  [30],  One  can  see  that  the  removal  of 
electrons  from  the  plasma  increases  the  populations  of  vibrational  levels  v>15.  The  populations 
of  levels  v=30-38  increase  by  a  factor  of  2  to  5.  Fig.  7  shows  that  at  the  same  time  the  intensity 
of  the  UV  radiation  from  the  CO  4*  positive  band  system  (A'H-^X'E)  in  the  absence  of 
electrons  is  reduced  by  more  than  a  factor  of  2. 

These  results,  i.e.  the  reduction  of  the  4*  positive  system  radiation  intensity  while  the 
high  vibrational  level  populations  of  the  ground  electronic  state  of  CO  are  increased  (see  Figs.  6, 
7)  show  that  the  direct  V-E  energy  transfer  channel  of  Eq.  (2)  is  unlikely.  This  is  hardly 
surprising,  since  the  near-resonance  process  of  Eq.  (2),  which  is  essentially  Franck-Condon 
forbidden  [3],  implies  transfer  of  about  8  eV  of  energy  from  the  nuclear  motion  to  the  electron 
motion,  on  a  relatively  long  time  scale  (of  the  order  of  molecular  vibrations).  Rather,  it  appears 
that  it  is  the  removal  of  electrons  from  the  plasma  that  results  in  both  increase  of  the  high 
vibrational  level  populations  of  CO(X*E)  and  reduction  of  the  CO  4*  positive  system  UV 
radiation  intensity.  Indeed,  without  O2  additive  present  in  the  cell,  when  the  electron  density  in 
the  plasma  is  very  low  (ne<10‘”  cm*^  [16]),  applying  a  saturation  voltage  to  the  Thomson 
discharge  electrodes  produces  only  insignificant  changes  in  both  CO  vibrational  level 
populations  and  the  UV  signal  intensity.  This  indicates  that  the  V-E  energy  transfer 
CO(X*Z->A’n)  is  indeed  mediated  by  the  presence  of  electrons,  as  described  by  Eqs.  (5)  and 
(6). 


This  result  is  consistent  with  previous  quenching  experiments  [4],  which  also  did  not 
support  a  direct  V-E  transfer  mechanism,  but  instead  indicated  that  an  intermediate  step,  which 
supplies  an  additional  energy  of  1-3  eV,  is  necessary.  Experiments  on  energy  transfer  to  the 
CO(a^D)  state  also  support  the  possibility  of  an  electron-mediated  V-E  process.  Indeed, 
measurements  in  optically  pumped  pure  CO-Ar  mixtures,  where  the  electron  density  is  very  low, 
do  not  show  any  detectable  population  of  the  a^D  state  [6].  On  the  other  hand,  some  evidence  of 
vibration-to-CO(a^D)  energy  transfer  is  found  both  in  electric  discharges  [5]  and  in  optically 
pumped  plasmas  where  the  electron  density  is  increased  using  a  small  pilot  discharge  in  the 
absorption  cell  [7]. 
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A  similar  effect  of  electron  removal  on  both  the  CO  vibrational  level  populations  and  the 
UV/visible  radiation  has  been  observed  in  an  optically  pumped  CO/N2=1/100  mixture  at  P=100 
Torr  (with  60  mTorr  NO  additive  to  achieve  a  higher  electron  density).  The  most  substantial 
difference  between  CO-Ar  and  CO-N2  mixtures  is  that  in  CO-N2  the  UV  radiation  from  the  CO 
4*  positive  system  is  not  observed  and  the  most  intensive  UV/visible  bands  are  NO  p  and  y 
bands  (in  the  presence  of  NO),  and  CN  violet  and  C2  Swan  bands  (without  NO  additive).  Again, 
Fig.  8  shows  that  the  CO  vibrational  level  populations  increase  in  the  absence  of  electrons 
(Us=800  V,  Is=3.5  pA),  although  the  effect  is  somewhat  less  pronounced  than  in  CO-Ar  plasmas 
(compare  with  Fig.  6).  The  removal  of  electrons  also  results  in  a  decrease  of  UV  radiation  from 
NO  y  bands  by  about  a  factor  of  2  (several  bands  between  200  nm  and  280  nm,  see  Fig.  9), 
although  the  NO  P  band  system  remains  almost  xinaffected. 

The  most  remarkable  effect  of  electron  removal  from  the  optically  pumped  plasma  on  the 
UV/visible  radiation  intensity  has  been  observed  in  CO/N2=1/100  mixtures  at  higher  total 
pressures  (P=300-500  Torr).  At  these  conditions,  the  electron  removal  results  in  drastic  reduction 
of  the  UV/visible  radiation  from  both  CN  violet  and  C2  Swan  bands  (up  to  a  factor  of  20,  see  Fig. 
10).  This  effect  is  also  shown  in  the  photographs  in  Fig.  11,  where  the  electrode  positions  are 
highlighted  for  clarity.  The  photographs  in  Fig.  11  were  taken  with  the  CaF2  windows,  shown  in 
Fig.  2,  removed.  The  visible  CN  and  C2  glow  between  the  Thomson  discharge  electrodes  nearly 
disappears  when  the  satxuution  voltage  is  applied.  Most  interestingly,  this  ^ectacular  effect  is 
produced  by  reducing  the  electron  density  from  its  low  baseline  value  of  n«^10*“  cm'^  and  the 
total  number  density  of  N=1.M0’’  cm‘^,  i.e.  from  the  very  low  baseline  ionization  fraction  of 
ne/N~10'®.  Although  the  detailed  kinetic  mechanisms  of  population  of  electronically  excited 
radiating  states  of  NO,  CN,  and  C2  in  optically  pumped  plasmas  remain  far  from  understood, 
these  results  suggest  that  the  presence  of  electrons  might  also  mediate  the  V-E  energy  transfer 
from  CO(X‘i;,  v)  to  excited  electronic  states  of  these  molecules. 

The  rise  of  high  vibrational  level  populations  CO(X’Z,  v>10-15)  in  the  saturated 
Thomson  discharge  sustained  in  an  optically  pumped  plasma,  i.e.  when  the  electrons  are 
removed  from  the  plasma  (see  Figs.  6,  8),  is  well  understood.  It  was  first  observed  in  our 
previous  associative  ionization  experiments  [12]  and  interpreted  with  kinetic  modeling 
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calculations  using  a  coupled  solution  of  the  master  equation  for  the  CO  VDF  and  the  Boltzmann 
equation  for  the  EEDF  [13],  These  modeling  calculations  show  that  this  effect  is  caused  by  the 
superelastic  collisions  of  Eq.  (5)  between  highly  vibrationally  excited  CO  molecules  (v>10-15) 
and  low-energy  electrons  initially  formed  by  the  associative  ionization  process  of  Eq.  (4). 
Removal  of  electrons  from  the  plasma  essentially  inhibits  this  mechamsm  of  energy  relaxation 
from  high  vibrational  levels  and,  consequently,  their  populations  increase.  Since  the  electrons 
cannot  store  substantial  amounts  of  energy  and  since  energy  transfer  in  elastic  electron-molecule 
collisions  is  extremely  inefficient  [31],  the  calculations  also  predict  that  most  of  the  energy  is 
returned  to  the  vibrational  modes  of  CO  and  N2,  primarily  by  exciting  the  low  vibrational  levels 
of  CO  and  N2  (v<10)  by  electron  impact  [25, 26], 


COiX%  v)  +  e-{€  +  As)  CO(X%  v  +  Av)  +  (s) ,  (8) 

N 2(^X^^,v) •¥ 6  (f  +  Af ) — ^ +  Av)  +  ^  (^)'  (9) 

Such  preferential  energy  transfer  from  high  to  low  vibrational  levels  of  CO  mediated  by 
electrons  (V->e->V-AV  process  [13])  is  made  possible  by  the  highly  non-Boltzmann  CO  VDF  in 
optically  pumped  plasmas  (see  Figs.  6,  8).  Qualitatively,  the  slope  of  the  VDF  in  the  “plateau” 
region  (v>10-15)  corresponds  to  a  very  high  “vibrational  temperature”, 

Tv4,igh~ffle/hi(nv/nv+i)~a>eV~50,000  K  [13].  On  the  other  hand,  the  similarly  defined  “vibrational 

temperature”  for  the  low  vibrational  levels,  Tv,iow~o)e/ln(ni/no)~3000  K,  is  much  lower.  Therefore 
the  predominant  vibrational  energy  transfer  in  collisions  of  CO  molecules  with  electrons  is  from 
high  vibrational  levels  to  electrons  to  low  vibrational  levels.  The  average  electron  energy  at  these 
conditions  is  controlled  by  conq)etition  of  the  superelastic  processes  of  Eq.  (5)  and  electron 
impact  excitation  processes  of  Eqs.  (8,9).  Modeling  calculations  incorporating  the  V->e->V-AV 
processes  of  Eqs.  (5,8,9)  explain  both  the  previously  available  results  on  the  vibrational  level 
populations  in  the  Thomson  discharge  [13]  and  the  present  ejqjerimental  data  shown  in  Fig.  6,  8. 

It  is  well  established  that  in  electric  discharge  plasmas  in  CO,  N2,  and  air,  superelastic 
collisions  of  molecules  on  the  low  vibrational  levels  (v<8-10)  with  slow  electrons  significantly 
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increase  their  energy,  thereby  raising  the  “tail”  of  the  EEDF.  This  consequently  increases  the 
rates  of  electronic  excitation  and  ionization  of  vibrationally  non-excited  CO  and  N2  molecules  by 
electron  impact  [25,  26].  The  present  kinetic  model  also  takes  these  processes  into  account. 
However,  the  effect  of  such  superelastically  heated  electrons  on  electronic  excitation  of  the 
vibrationally  excited  molecules  on  the  groxmd  electronic  state,  such  as  given  by  Eq.  (6),  is  not 
well  understood  and  the  cross  sections  for  such  processes  are  not  available.  Qualitatively,  strong 
vibrational  excitation  of  a  CO  molecule  in  the  process  of  Eq.  (6)  would  substantially  reduce  the 
minimum  required  electron  energy,  which  may  consequently  greatly  increase  its  rate.  Therefore, 
some  of  the  energy  transferred  to  the  electrons  in  the  superelastic  processes  of  Eq.  (5)  would  not 
necessarily  return  to  the  vibrational  modes  of  CO  or  N2  by  the  electron  impact  excitation 
processes  of  Eqs.  (8,9),  but  instead  would  go  to  electronic  excitation  of  already  highly 
vibrationally  excited  CO  molecules,  Eq.  (6).  In  optically  pumped  plasmas,  such  electron- 
mediated  V-E  transfer  might  produce  (i)  more  significant  depopulation  of  the  high  vibrational 
levels  of  the  CO  ground  electronic  state  than  predicted  by  the  V— >e->V-AV  processes  of  Eqs. 
(5,8,9)  alone,  and  (ii)  stronger  UV  radiation  from  CO(A*n)  molecules  excited  in  the  presence  of 
electrons.  This  qualitative  scenario  certainly  appears  consistent  with  the  resuks  of  the  present 
Thomson  discharge  experiments  shown  in  Figs.  6-11. 

To  verify  whether  the  observed  reduction  of  UV  signal  intensity  is  indeed  due  to  electron 
removal  by  the  Thomson  discharge,  we  conducted  an  additional  series  of  measurements.  The 
electron  density  in  the  optically  pumped  CO-Ar  plasmas  was  deliberately  increased  by  adding 
varying  small  amounts  (0.05-0.5%)  of  O2  and  NO  to  the  cell  gases.  As  discussed  in  Section  1, 
although,  in  the  presence  of  these  additives,  the  electron  production  rate  by  associative  ionization 
is  somewhat  reduced,  the  electron  density  nevertheless  increases  by  a  fiictor  of  20-50  compared 
to  the  CO-Ar  plasma  without  additives.  If  the  electron-mediated  V-E  transfer  of  Eqs.  (5,6)  is  one 
of  the  dominant  processes  of  the  CO(A‘n)  population  in  optically  pumped  plasmas,  the  electron 
density  increase  would  have  to  result  in  higher  CO  4*  positive  system  UV  radiation  intensity. 
Indeed,  measurements  of  the  CO  4*  positive  spectra  in  optically  pumped  CO/Ar=l/100  mixtures 
at  P=100  Torr  with  and  without  additives  showed  that  adding  100  mTorr  of  either  NO  or  O2  to 
the  baseline  gas  mixture  increases  the  UV  signal  intensity  by  about  a  factor  of  5  (see  Fig.  12).  In 
addition,  at  these  conditions,  the  UV  radiation  signal  intensity  for  several  CO  4“*  positive  bands 
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essentially  mirrors  the  electron  density  as  a  function  of  the  NO  partial  pressure  (see  Figs.  13,  14). 
Similar  results  have  been  obtained  using  the  O2  as  an  additive. 

Thus,  the  results  of  the  present  experiments  indicate  that  the  V-E  energy  transfer  process 
CO(X'2->A'n),  and,  possibly,  analogous  processes  populating  radiating  excited  electronic 
states  of  NO,  CN,  and  C2,  in  optically  pumped  plasmas,  are  mediated  by  the  presence  of 
electrons  which  are  created  in  the  absence  of  an  electric  field,  with  low  initial  energies.  Most 

*  *9  “7 

importantly,  this  effect  occurs  at  ionization  fractions  as  low  as  ne/N~10*  -10' . 

Further  insight  into  the  detailed  kinetic  mechanism  of  the  electron-mediated  V-E 
processes  would  be  provided  by  EEDF  measurements  in  optically  pumped  CO-Ar  and  CO-N2 
plasmas.  As  discussed  in  Section  1,  electrons  created  by  the  associative  ionization  mechanism  of 
Eq.  (4)  initially  have  fairly  low  energies.  Therefore,  the  presence  of  a  substantial  fraction  of 
relatively  high-energy  (up  to  several  eV)  electrons  in  the  plasma  would  provide  strong  additional 
evidence  in  favor  of  the  importance  of  the  highly  energetic  superelastic  collisions  of  Eq.  (5)  for 
electron  heating  and  of  mediation  of  the  V-E  energy  transfer  by  electrons  (see  Eq.  (6)). 
Simultaneous  EEDF  and  the  CO  VDF  measurements,  together  with  vacuum  UV  emission 
measurements  of  the  entire  4*  positive  system  transitions,  CO(A’n,v— ^X‘S,w),  may  provide 
sufficient  experimental  data  for  the  development  and  validation  of  a  quantitative  theoretical 
kinetic  model  for  the  electron-mediated  V-E  energy  transfer  process  of  Eqs.  (5,6). 
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CO  PUMP  LASER 


N2  He  CO  AIR 


Figure  1.  Schematic  of  the  experimental  setup 
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Intensity  (arb.  units) 


Figure  5.  Low-resolution  CO  first  overtone 
emission  spectra  from  an  optically  pumped 
CO/Ar=l/100  mixture.  P=100  Torr,  T=530  K. 
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Figure  6.  Experimental  and  calculated 
CO  vibrational  distribution  functions  for 
the  conditions  of  Figure  5. 
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Figure  7.  CO  UV  spectra  (4’*'  positive  band 
system)  for  the  conditions  of  Figure  5. 
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Figure  8.  Experimental  and  calculated  CO  vibrational 
distribution  functions  in  an  optically  pumped 
CO/N2=1/100  mixture.  P=100  Torr,  T=420  K. 
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Figure  10.  CN  violet  and  C2  Swan  band 
UV/visible  spectra  in  an  optically  pumped 
CO/N2=1/100  mixture.  P=420  Torr,  T=380  K. 
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Figure  9.  NO  UV  spectra  (P  and  y  band  system) 
for  the  conditions  of  Figure  8. 


Figure  ll.  Optically  pumped  plasmas  at  the 
conditions  of  Fig.  10.  Top,  no  voltage  applied; 
bottom,  saturation  voltage  applied.  The  location 
of  the  Thomson  discharge  electrodes  is 
highlighted. 
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Figure  12.  CO  UV  spectra  (4*  positive  band 
system)  in  an  optically  pumped  CO/Ar=l/100 
mixture  at  P=100  Ton*. 
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Fi^re  13.  Electron  density  in  CO-Ar-NO 
mixtures  as  a  function  of  the  NO  partial 
pressure. 


Figure  14.  UV  band  radiation  intensity  (CO 
4*  positive  bands)  in  CO-Ar-NO  mixtures 
as  functions  of  the  NO  partial  pressure. 
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CHAPTER  III 

CONTROL  OF  ELECTRON  RECOMBINATION  RATE  AND  ELECTRON  DENSITY 
IN  OPTICALLY  PUMPED  NONEQUILIBRIUM  PLASMAS 


1.  Introduction 

The  paper  addresses  analysis  of  a  recent  ionization  measurement  in  optically  pumped 
CO/Ar/Oa  and  CO/N2/O2  plasmas  using  non-self-sustained  DC  and  RF  discharges  [1].  Briefly, 
the  experiments  have  been  conducted  in  a  flowing  gas  optical  absorption  cell,  where  the  gas 
mixture  was  vibrationally  excited  by  resonance  absorption  of  20  W  continuous  wave  broadband 
CO  laser  radiation.  The  Gaussian  laser  beam  was  focused  to  increase  the  power  loading  per  CO 
molecule,  providing  an  excitation  region  in  the  cell  of  approximately  2  mm  in  diameter.  The 
absorbed  laser  power  was  typically  5-6  W  over  the  absorption  length  of  12.5  cm,  which  gives  an 
absorbed  power  density  of  10  W/cm^.  The  lower  vibrational  states  of  carbon  monoxide  in  the 
cell,  v<10,  are  populated  by  direct  resonance  absorption  of  the  laser  radiation.  The  higher 
vibrational  levels,  v~10-40,  which  are  not  directly  coupled  to  the  laser  radiation,  are  populated 
by  the  rapid  redistribution  of  vibrational  energy  by  the  vibration- vibration  (V-V)  exchange 
processes, 


CO{v)  +  CO{w)^CO{v-l)  +  CO{w+\)  (1) 

The  large  heat  capacity  of  the  Ar  or  N2  diluents,  as  well  as  conductive  and  convective  cooling  of 
the  gas  flow,  controls  the  steady-state  translational/rotational  mode  temperature  in  the  cell, 
T=400-700  K,  while  the  average  vibrational  mode  energy  of  CO  corresponds  to  2000-4000  K 
degrees  K.  Thus  a  strong  disequipartkion  of  energy  can  be  maintained  in  the  cell,  characterized 
by  very  high  vibrational  mode  energy  and  electron  temperature,  and  a  low  translational/rotational 
mode  temperature. 

Under  these  conditions,  ionization  in  the  optically  pumped  CO  is  produced  by  an 
associative  ionization  mechanism,  in  collisions  of  two  highly  vibrationally  excited  CO  molecules 
when  the  sum  of  their  vibrational  energies  exceeds  the  ionization  potential  [1-3], 
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(2) 


CO(v)  +  CO{w)  ->  {CO)l  +  e~  , 

■^V  ^  ^ion 

The  parameters  of  the  optically  pumped  plasma  created  in  the  cell  have  been  analyzed  using  two 
3  cm  diameter  brass  plate  electrodes,  placed  in  the  cell  as  shown  in  Fig.  1,  so  that  the  laser  beam 
created  a  nearly  cylindrical  excited  region  between  the  electrodes.  The  electrodes,  which  were 
typically  8  to  12  mm  apart,  were  powered  either  by  a  DC  or  by  an  RF  power  supply.  In  both  DC 
and  RF  experiments,  the  applied  voltage  was  deliberately  kept  sufficiently  low  to  completely 
preclude  electron  impact  ionization  [1-3].  Thus,  a  non-self-sustained  DC  discharge  (sometimes 
called  a  Thomson  discharge  [2,4])  or  a  non-self-sustained  RF  discharge  can  be  initiated  between 
the  electrodes. 

In  these  experiments,  the  rate  of  electron  production  per  unit  volume  by  the  associative 
ionization  mechanism  of  Eq.  (2)  was  estimated  from  the  DC  discharge  current  in  the  saturation 
regime.  Is.  Saturation  occurs  when  the  applied  electric  field  removes  as  many  electrons  per 
second  as  are  produced  in  the  entire  discharge  volume.  This  rate  is  accordingly  estimated  as 

S  = - ^ - =  lO'"* -10*^  c/w"^  sec“‘  (3) 

In  Eq.  (3),  obtained  in  Ref.  [3],  a  is  the  ionized  region  diameter  and  D  is  the  electrode  diameter. 
Note  that  in  the  saturation  regime  the  electrons  are  removed  from  the  discharge  much  faster  than 
they  recombine  or  attach.  Indeed,  simple  estimates  [2]  show  that  the  electron  residence  time  in 
the  discharge  is  much  shorter  than  the  time  for  electron-ion  recombination  or  electron 
attachment.  Therefore  measuring  the  DC  saturation  current  density  directly  yields  the  electron 
production  rate  per  unit  volume  S,  regardless  of  the  ionization  mechanism  and  independently  of 
the  electron  removal  rates.  The  electron  density  in  the  plasma,  on  the  other  hand,  was  estimated 
from  the  conduction  current  of  the  RF  discharge,  measured  as  a  difference  between  the  RMS  RF 
discharge  currents  with  the  laser  turned  on  and  off. 
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(4) 


e^JJa 

In  Eq.  (4),  U  is  the  applied  RMS  RF  voltage  and  pe  is  the  electron  mobility.  Note  that  Eqs.  (3,4) 
are  approximate  since  they  do  not  account  for  the  electrode  edge  effects  and  the  spatial 
nonuniformity  of  the  plasma  (in  particular,  voltage  drops  across  the  sheaths  in  the  RF  discharge). 
Therefore  they  are  expected  to  provide  only  rather  crude  estimates  of  both  the  electron 
production  rate  and  the  electron  density. 

The  objective  of  the  present  paper  is  to  use  two-dimensional  kinetic  modeling  of  both  the 
DC  and  the  RF  discharges  for  more  accurate  quantitative  inference  of  the  electron  production 
and  removal  rates,  as  well  as  the  electron  density  in  the  optically  pumped  plasma. 

2.  Kinetic  Model 

The  two-dimensional  time-dependent  model  of  the  non-self-sustained  DC  and  RF 
discharges  used  in  the  optical  pumping  e}q)eriments  [1]  discussed  in  Section  1  includes  the 
equations  for  electron  and  positive  ion  concentrations,  and  the  Poisson  equation  for  the  electric 
field  [5]: 


dn^{x,y,t) 


dt 


+vr,=a. 


r*  =  y,  y,  0 

\e\ 


ni^(x,0,t)  =  n,^(x,d,t)  =  0 
dn^  (0,  y,t)  _  dn^  (±W,  y,  t) 


=  0 


dx  dx 

n*(x,y,0)  =  0 


(5) 


(f>(x,0,  t)  =  0,  ^(x,  d,  t)  =  Uq  cos{2jTVt) , 

d(j){0,y,t)  ^  d(l){±W,y,t) 
dx  dx 

(f>(x,y,0)  =  Uoyld 


Qe  =S{x,y)-pn^n^ 
=S{x,y)-pn,n^ 


S(x,y)  =  SQexd 


^y-d/2^" 

V  «/2  J 


— T 

^al2j 


(8) 


In  Eqs.  (5-7),  the  index  k  stands  for  electrons  and  positive  ions,  e  is  the  electron  charge,  nt  and 
qk=±e  are  the  species  concentrations  and  charges,  Dk,  pk,  and  are  the  species  difiusion 
coefficients,  mobilities,  and  fluxes  (conduction  current  density  vectors),  respectively,  (j)  and 
E  =  -V(j>  are  the  electric  potential  and  electric  field,  d  is  the  separation  between  the  electrodes, 
W  is  the  electrode  half-width,  Uo  and  v  are  the  applied  voltage  amplitude  and  fi-equenCy,  S(x,y) 
is  the  rate  of  electron  production  by  the  associative  ionization  mechanism  of  Eq.  (2),  and  (3  is  the 
electron-ion  recombination  coefficient.  In  Eq.  (8),  So  and  a  are  the  rate  of  electron  production  at 
the  laser  beam  axis  and  the  ionized  region  diameter.  The  Gaussian  distribution  of  ionization  rate 
S(x,y)  in  Eq.  (8)  is  chosen  due  to  the  Gaussian  power  density  distribution  across  the  laser  beam 
[6].  At  zero  fi’equency,  v=0,  this  system  of  equations  describes  a  non-self-sustained  DC 
discharge. 

The  electron  and  ion  mobilities  and  diffusion  coefficients  in  argon  and  in  nitrogen 
plasmas  as  fimctions  of  the  reduced  electric  field  E/N,  where  N=P/kT  is  the  number  density,  are 
taken  fi-om  [7,8].  The  gas  pressure  and  tenq)erature  in  the  optically  pumped  cell  have  been 
previously  measured  in  a  wide  range  of  experimental  conditions  [1-3,6].  Thus,  the  only  unknown 
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parameters  remaining  in  Eqs.  (5-7)  are  the  electron  production  rate,  S,  and  the  electron-ion 
recombination  rate,  p. 

Eqs.  (5-7)  are  solved  numerically  until  either  a  steady-state  (for  a  DC  discharge)  or  a 
periodic  (for  an  RF  discharge)  solution  for  nk(x,y,t)  and  (t>(x,y,t)  is  reached.  In  the  latter  case  this 
usually  takes  from  a  few  hundred  to  a  few  thousand  cycles.  The  electrode  currents  in  the  DC  and 
in  the  RF  discharges  are  determined  as  follows. 


iV 


^  RMS,  cathode  ^ 


^cathode  L I dxY,r^y(x,o) 

dE(x,0,t) 


1  f  dEJx,Q,t)  ^ 

ijdr  L  \d\  !i^  +  2r*,(x,0,0 

^  o  -W  \  * 


“l2 


1/2 


(9) 


(10) 


In  Eqs.  (9,10),  F^is  the  y-component  (i.e.  perpendicular  to  the  electrode)  of  the  flux  of  the 

charged  species  k,  Ey  is  the  y-component  of  the  electric  field,  L  is  the  length  of  the  electrode 
along  the  laser  beam,  and  T=27t/v  is  the  RF  field  oscillation  period.  The  anode  current,  which  is 
expected  to  be  equal  to  the  cathode  current,  is  calculated  in  a  similar  way. 

In  the  calculations  discussed  in  the  following  section,  the  3  cm  diameter  circular 
electrodes  (see  Fig.  1)  are  modeled  as  square  electrodes  of  the  same  surface  area.  The  electrode 
separation  is  d=10  mm  (for  DC  discharge)  and  d=7.5  mm  (for  RF  discharge),  the  electrode  full 
width  and  the  electrode  length  are  2W=L=2.66  cm.  The  ionized  region  diameter,  a=2  mm,  is 
estimated  from  the  apparent  diameter  of  the  C2  Swan  band  glow,  which  is  strongly  coupled  to  the 
high  vibrational  level  populations  of  CO  [1].  The  applied  DC  voltage  is  varied  in  the  range  U=0- 
1000  V.  The  RF  voltage  amplitude  and  frequency  are  Uo=5  V  and  v=10  MHz,  respectively  [1]. 
Calculations  are  made  at  two  different  pressures,  P=100  torr  and  20  torr.  The  gas  temperature  is 
taken  to  be  T=500  K,  which  is  in  between  the  temperatures  of  T=600  K  and  in  T=450  K 
measured  in  the  optically  pumped  CO/Ar=2/100  and  CO/N2=2/100  mixtures  at  P=100  torr  [1]. 
The  system  of  equations  (5-7)  is  solved  using  standard  stiff  PDE  solver  PDECOL  [9]. 
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3.  Results  and  Discussion 

The  first  series  of  modeling  calculations  have  been  made  for  a  DC  discharge.  In  these 
calculations,  the  electron  production  rate  at  the  laser  beam  axis.  So,  was  adjusted  to  match  the 
experimentally  measured  values  of  the  discharge  saturation  current.  Is,  while  the  electron 
recombination  rate  was  assumed  to  be  equal  to  the  rate  of  dissociative  recombination  of  (CO)2^ 
dimer  ions,  (3=2- lO"^  [10].  Figure  2  shows  experimental  and  calculated  voltage-current 
characteristics  for  two  optically  pumped  gas  mixtures,  2  torr  CO  /  100  torr  Ar  and  2  torr  CO  / 
100  torr  N2.  One  can  see  that  the  results  of  calculations  reproduce  well  not  only  the  values  of  the 
saturation  current,  which  are  controlled  exclusively  by  the  electron  production  rate  (Is=13.4  pA 
in  CO/Ar  and  Is=3.1  pA  in  CO/N2)  [2,4],  but  also  the  entire  shape  of  the  voltage-current 
characteristics.  The  values  of  So  for  the  two  cases  shown  in  Fig.  2  are  So=1.0-10'^  1/cmVs  and 
80=2.210’'*  1/cmVs,  respectively.  Varying  the  other  crucial  parameter,  the  recombination  rate,  in 
the  range  p=10'’-10’^  cmVsec  showed  that  although  it  does  affect  the  shape  of  the  current- voltage 
curves  below  the  saturation  limit,  the  effect  is  too  weak  for  the  accurate  inference  of  the 
recombination  rate  coefficient.  The  best  agreement  with  the  e^qjerimental  data  in  the  entire  range 
of  applied  voltage  (U=0-1000  V)  is  achieved  at  p>10'^  cm^/sec.  Unfortunately,  above  this  value 
the  calculated  voltage-current  curves  become  nearly  insensitive  to  the  recombination  rate 
variation.  Also,  variation  of  the  ion  mobility  p+  (vdthin  a  factor  of  two)  had  almost  no  effect  on 
the  calculated  voltage-current  characteristics. 

Figures  3  and  4  show  contour  plots  of  electron  and  ion  concentrations,  ne  and  n+,  as  well 
as  electric  potential,  (|),  in  the  optically  pumped  CO/Ar  mixture  at  U=200  V.  In  these  calculations, 
So=1.010’^  1/cmVs  and  P=2-10‘^  cmVsec.  One  can  see  that  the  applied  voltage  displaces  the 
highly  mobile  electrons  toward  the  anode  (top  electrode  in  Figs.  3,4),  which  creates  a  region  of 
positive  space  charge  with  stronger  electric  field  near  the  center  of  the  cathode  (bottom 
electrode).  Figure  5  displays  the  electron  concentration  in  the  DC  discharge  in  the  CO/Ar 
mixture  along  the  axis  of  symmetiy  of  the  discharge  (i.e.  at  x=0)  at  several  values  of  the  applied 
voltage.  It  shows  that  as  the  applied  voltage  increases,  the  electrons  are  indeed  removed  fi-om  the 
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interelectrode  space  until  the  electron  concentration  is  significantly  reduced  (by  more  than  an 
order  of  magnitude)  near  the  saturation  point  at  U=800  V.  At  these  conditions,  the  rate  of 
electron  removal  by  the  field  approaches  the  overall  electron  production  rate,  so  that 

d  W 

K  eL^(fy  ^dxS{x,y)  (11) 

0  -w 

Figure  5  and  Eq.  (1 1)  also  illustrate  the  rationale  for  the  inference  of  the  electron  production  rate 
per  unit  volume  from  the  DC  discharge  saturation  current. 

In  our  previous  work  [1],  small  amounts  of  oxygen  or  air  have  been  added  to  the  baseline 
CO/Ar  gas  mixUires  to  determine  the  sensitivity  of  the  measured  electron  production  rate  S  to  the 
level  of  O2  impurity  in  the  cell.  It  was  found  that  addition  of  O2  in  small  concentrations  (less  than 
0.1  torr)  only  weakly  affects  the  DC  discharge  saturation  current  (and  therefore  the  electron 
production  rate).  In  particular,  the  electron  production  rate  is  reduced  by  only  about  30%  if  the 
oxygen  partial  pressure  does  not  exceed  0.1  torr  [1].  As  discussed  in  our  previous  publication, 
this  effect  is  most  likely  due  to  the  reduction  of  the  high  CO  vibrational  level  populations  in  the 
presence  of  oxygen,  measured  by  infrared  emission  spectroscopy  [1].  In  other  words,  the  rate  of 
electron  production  by  the  associative  ionization  mechanism  remains  nearly  constant  (within 
about  30%)  in  the  presence  of  trace  amounts  of  O2. 

The  resuhs  of  calculations  discussed  above  show  that  the  non-self-sustained  DC 
discharge  measurements  indeed  allow  direct  inference  of  the  electron  production  rate  by  the 
associative  ionization  mechanism.  Unfortunately,  this  method  does  not  allow  accurate  inference 
of  the  electron  density  in  the  optically  pumped  plasma  or  the  recombination  rate  coefficient  since 
the  voltage-current  characteristic  of  the  DC  discharge  is  only  weakly  sensitive  to  the  variation  of 
these  parameters.  To  infer  the  values  of  these  parameters,  we  use  the  results  of  non-self-sustained 
RF  discharge  ejqjeriments  in  optically  pumped  CO/Ar  mixtures  containing  small  amounts  of  O2 
[1].  In  these  measurements,  the  conduction  current  through  the  non-self-sustained  RF  discharge, 
Ic,  has  been  determined  as  a  difference  between  the  RF  currents  measured  with  the  CO  laser 
turned  on  and  off.  In  the  latter  case,  the  RF  current  measured,  190  pA,  is  the  displacement 
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current.  The  most  important  resuk  of  these  measurements  is  a  sudden  increase  of  the  conduction 
current  when  small  amounts  of  O2  (0.05-0.1  torr)  are  added  to  the  baseline  CO/Ar  gas  mixture 
(without  oxygen),  from  Ic<2  pA  to  Ic=90-110  pA  at  P^lOO  torr  and  from  Ic=15-20  pA  to 
Ic=160-220  pA  at  P=20  torr  [1].  Again,  we  emphasize  that  this  effect  occurs  at  a  nearly  constant 
(within  about  30%)  electron  production  rate  measured  using  the  DC  discharge  [1].  A  preliminary 
suggestion  made  in  our  previous  publication  [1]  was  that  adding  O2  to  the  baseline  gas  mixture 
resulted  in  a  significant  reduction  of  the  electron  removal  rate.  In  the  present  paper  we  use  the 
RF  discharge  modeling  to  verify  this  suggestion  and  to  infer  the  electron  removal  rate. 

A  second  series  of  modeling  calculations  have  been  made  for  the  RF  discharge.  Although 
the  kinetic  model  discussed  in  Section  2  can  be  easily  modified  to  incorporate  the  transport 
equation  for  the  negative  ions,  as  well  as  kinetic  processes  involving  formation  and  decay  of 
negative  ions  (including  the  dominant  process  of  02'  ions  formation  by  the  three-body  electron 
attachment  process  02+e+M->02'+M),  in  the  present  work  these  processes  are  neglected.  The 
arguments  in  favor  of  this  assumption  are  as  follows:  (i)  adding  O2  to  the  cell  gases  results  in  an 
apparent  increase  of  the  electron  density  in  the  discharge,  which  suggests  that  rapid  three-body 
elecron  attachment  to  oxygen  is  mitigated  to  a  large  extent,  (ii)  similar  results  were  obtained 
when  comparable  amounts  of  NO,  which  is  not  an  efficient  electron  attacher,  were  added  to  the 
cell  gases  [1],  and  (iii)  Raman  spectroscopy  measurements  of  the  O2  vibrational  level 
populations  (v=0-12)  in  the  optically  pumped  CO/N2/O2  plasmas  [11]  show  that  O2  in  these 
mixtures  becomes  strongly  vibrationally  excited  (Tv(02)=2200-3600  K).  In  particular,  the  latter 
result  suggests  that  strong  vibrational  excitation  of  O2  might  well  stimulate  detachment  of 
electrons  from  the  weakly  bound  02*  ions  (with  electron  affininity  of  -0.43  eV).  The  electron 
production  rate  in  these  calculations  was  taken  to  be  equal  to  the  baseline  value  of  So=1.0-10'^ 
1/cm^/s  inferred  from  the  DC  discharge  measurements  in  the  CO/Ar  mixtures.  The  electron-ion 
recombination  rate  in  the  calculations  was  varied  in  the  range  p=10'’-10'^  cm^/s. 

Figures  6,7  show  contour  plots  of  the  period-averaged  electron  and  ion  concentrations,  as 
well  as  the  period-averaged  electric  potential  in  the  RF  discharge.  In  these  calculations,  the 
recombination  rate  coefficient  is  taken  to  be  p=2.0-10'*  cm^/s.  One  can  see  that  the  applied  weak 
RF  field  displaces  the  electrons  away  from  the  electrodes,  thereby  creating  the  positive  space 
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charge  areas  (sheath)  near  the  electrodes.  The  electric  field  in  the  sheath  areas  significantly 
exceeds  its  value  in  the  quasi-neutreil  central  region,  and  increases  with  electron  density  (i,e.  as 
the  recombination  rate  coefficient  is  reduced  at  the  constant  electron  production  rate,  see  Fig.  8). 
The  electric  field  increase  near  the  electrodes  produces  the  current  rise  in  the  external  circuit 
over  the  level  of  the  displacement  current,  measured  with  the  laser  turned  off.  The  kinetic  model 
used  in  the  present  work  predicts  the  RF  discharge  conduction  current  as  a  fimction  of  the 
recombination  rate  coefhcient  P  (see  Fig.  9).  Therefore,  with  the  electron  production  rate 
So=1.010‘^  1/cm^/s  known,  one  can  infer  the  values  of  the  recombination  rate  in  the  baseline 
CO/Ar  mixture  (without  oxygen)  and  in  the  mixture  with  0.05-1 .0  torr  of  O2  added  by  comparing 
the  RF  conduction  current  measurements  [1]  discussed  above  and  Fig.  9.  Using  this  procedure, 
for  CO/Ar  mixtures  at  100  torr  and  20  torr  we  obtain  P>6.0T0'^  cm^/s  and  p=(7.5±1.5)-10'^ 
cm^/s,  respectively.  For  CO/Ar/02  mixtures  at  100  torr  and  20  torr,  we  infer  P=(1.5±0.3)-10’® 
cm^/s  and  P=(5.1±2.9)-10'*  cm^/s,  respectively.  In  other  words,  adding  oxygen  to  the  CO/Ar 
mixture  reduces  the  recombination  rate  coefficient  by  more  than  two  orders  of  magnitude.  A 
similar  result  is  obtained  in  the  CO/N2  mixtures  with  small  amoimts  of  O2  added  [1].  Figure  10 
also  shows  the  RF  conduction  current  as  a  function  of  the  electron  density  at  the  laser  beam  axis. 
One  can  see  that  the  measured  values  of  the  RF  discharge  conduction  cmxent  correspond  to  an 
electron  density  of  ne=(1.7±0.2)-10**  cm'^  at  P=100  torr  and  ne=(6.2±0.8)-10*®  cm'^  at  P=20  torr. 
The  lower  electron  density  at  the  low  pressure  (at  the  same  electron  production  rate)  is  due  both 
to  somewhat  faster  electron  recombination  rate  and  to  a  more  significant  contribution  of  the 
charged  species  diffusion  out  of  the  ionized  region.  Variation  of  the  ion  mobility  within  a  fector 
of  two  had  almost  no  effect  on  the  shape  of  the  curves  shown  in  Figs.  9,10,  and  therefore  on  the 
inferred  values  of  the  recombination  rate  coefficient  and  electron  density. 

The  inferred  electron-ion  recombination  rates  in  the  absence  of  oxygen  and  with  O2 
added  to  the  cell  are  fairly  close  to  the  measured  rates  of  recombination  of  the  dimer  (€0)2"^  ions, 
P=210'^  cm^/s  [10]  and  of  the  monomer  ©2^  ions,  P=(3-5)10'*  cm^/s  at  the  electron  tenqjerature 
of  Te~0.3-0.5  eV  [5].  Also,  the  results  of  our  previous  coupled  master  equation  /  Boltzmann 
equation  modeling  calculations  [3]  suggest  that  the  electron  temperature  in  the  optically  pumped 
plasma,  Te=5200  K,  is  closely  coupled  with  the  CO  vibrational  ten^erature,  Tv(CO)=4100  K. 
Therefore,  although  the  detailed  kinetic  mechanism  of  the  apparent  recombination  rate  reduction 
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remains  uncertain,  one  might  speculate  that  adding  oxygen  to  the  cell  gases  might  result  in  the 
replacement  of  the  dominant  rapidly  recombining  dimer  (CO)2^  ions  by  the  more  slowly 
recombining  O2*  ions,  which  also  have  lower  ionization  potential  (12.2  eV  vs.  14.0  eV),  e.g.  in 
an  ion-molecule  reaction 

(CO); +o^^co+co+ o;  (12) 

There  exist  some  experimental  evidence  which  is  consistent  with  this  qualitative  scenario. 
Kaufman  et  al.  [12]  measured  the  ion  composition  in  glow  discharges  in  CO/Ar/02  and  in 
CO/He/02  gas  mixtures  at  P=18  torr  using  in  situ  ion  mass  spectrometry.  The  resultant  mass 
spectra  taken  in  CO/Ar  and  in  CO/He  mixtures  without  oxygen  show  that  the  dominant  ions  in 
the  discharge  are  cluster  ions  of  the  general  form  Cn(CO)2^,  n=l-15.  However,  adding  a  few  tens 
of  millitorr  of  O2  to  these  gas  mixtures  resulted  in  nearly  complete  disappearance  of  these  ions 
and  their  replacement  by  the  02^  ions.  Additional  non-intrusive  electron  density  measurements 
(such  as  using  microwave  attenuation)  and  ion  mass  spectrometry  measurements  in  the  optically 
punped  plasmas  are  desirable  to  yield  more  information  on  the  kinetic  mechanism  of  the 
observed  effect. 

4.  Summaiy 

The  analysis  of  the  ejqjeriments  reported  in  our  previous  paper  [1]  using  modeling 
calculations  discussed  in  the  present  work  show  that  non-self-sustained  DC  and  RF  discharges 
can  be  successfully  used  for  measurements  of  electron  production  rate,  electron  recombination 
rate,  and  electron  density  in  the  optically  pumped  plasmas.  The  inferred  rate  of  electron 
production  per  unit  volume  by  the  associative  ionization  mechanism  is  So=1.010*^  1/cm^/s  and 
So=2.2-10’'‘  1/cmVs  in  CO/Ar=2/100  and  in  CO/N2=2/100  plasmas,  respectively.  The  inferred 
electron-ion  recombination  rate  coeflScients  are  P>6.0-10  cm  /s  and  P=(7.5±1.5)10  cm  /s  m 
CO/Ar=2/100  mixtures  at  P=100  torr  and  20  torr,  respectively.  In  CO/Ar=2/100  mixtures  with  a 
0.05-0.1  torr  admixture  of  O2  at  P=100  torr  and  20  torr,  the  inferred  recombination  rate 
coefficients  are  P=(1.5±0.3)-10'*  cm^/s  and  P=(5.1±2.9)-10’*  cm^/s.  FinaUy,  the  inferred  electron 
density  in  the  optically  pumped  CO/Ar/02  plasmas  at  the  laser  beam  axis  is  ne=(1.7±0.2)-10** 
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cm'^  at  P=100  torr  and  ne=(6.2±0.8)-10'“  cm'^  at  P=20  torr.  These  results  demonstrate  that 
electron  density  in  the  optically  pumped  CO/Ar  plasmas  can  be  controlled  and  significantly 
increased  by  adding  small  amounts  (up  to  -^.1%)  of  species  such  as  O2  and  NO,  which  result  in 
reduction  of  the  electron-ion  recombination  rate. 
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Figure  1.  Schematic  of  electrodes  in  the  cell  and  of  the  discharge  geometr>' 
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Figure  2.  Experimental  and  calculated  voltage-current  characteristics  of 
the  DC  discharge  in  the  optically  pumped  plasmas.  p=2*10'^  cm^/sec 
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Ion  Concentration 
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Figure  3.  Calculated  electron  and  ion  concentration  distributions  (log  scale,  in  cm’^) 
in  the  DC  discharge  in  the  optically  pumped  CO/Ar  plasma.  So=1.0-10‘^  cm'^sec  ^ 
p=2-10'^  cm^/sec,  U=200  V 
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Figure  4.  Calculated  electric  potential  distribution  (in  Volts)  in  the  DC  discharge  in 
the  optically  pumped  CO/Ar  plasma.  So=1.010‘^  cm’^sec'',  p=210'^  cmVsec, 
U=200  V 
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Figure  5.  Calculated  electron  concentration  in  the 
CO/Ar  plasma  at  the  axis  of  symmetry  of  the 
discharge  (5o=0)  for  the  conditions  of  Fig.  2 
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Figure  6.  Calculated  period-averaged  electron  and  ion  concentration  distributions 
(log  scale,  cm*^)  in  the  RF  discharge  in  the  optically  pumped  CO/Ar  plasma. 
So=1.0-10’^  cm’^sec'*,  P=2-10**  cm^/sec 
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Figure  8.  Calculated  y-component  of  the  RMS 
electric  field  in  CO/Ar  plasma  at  the  axis  of 
symmetry  of  the  RF  discharge  (x=0). 
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Figure  9.  Calculated  RMS  conduction 
current  of  the  RF  discharge  as  a  function  of 
the  recombination  rate  coefficient. 
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Figure  10.  Calculated  RMS  conduction 
current  of  the  RF  discharge  as  a  function  of 
the  electron  density  at  the  laser  beam  axis. 
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CHAPTER  IV 

SPATIALLY  RESOLVED  RAMAN  MEASUREMENTS  OF  Nj  VIBRATIONAL  LEVEL 
POPULATIONS  IN  OPTICALLY  PUMPED  PLASMAS 


1.  Introduction 

Creating  a  high-pressure,  low-temperature,  large- volume  plasma  has  been  a  challenge  to 
the  fields  of  gas  discharge  physics  and  engineering. '  Large-volume  plasmas  have  traditionally 
been  established  at  low  pressure.  At  high  pressures  plasmas  become  constricted  due  to  rapid 
instability  development.  While  heating  can  increase  the  electron  production  and  diffusion  rates, 
it  can  quickly  lead  to  runaway  ionization  due  to  the  ionization  heating  instability.  The  runaway 
ionization  causes  the  glow-to-arc  collapse  occurring  in  high-pressure  plasmas.  By  utilizing  an 
ionization  method  that  does  not  rely  on  electron  impact  ionization,  it  is  possible  to  prevent  the 
thermal  instability  [1]. 


The  associative  ionization  mechanism  of  Eq.  (1)  produces  free  electrons  in  collisions  of 
two  vibrationally  excited  molecules 


AB(w)  +AB(x)  — >  (AB)2^  +  e' 


Ew  +  Ex  >  Ei, 


(1) 


Here  Eion  is  the  ionization  potential  for  the  molecule  of  interest.  In  the  case  of  the  CO  molecule 
the  ionization  potential  is  on  the  order  of  1 4  eV. 

Associative  ionization  is  produced  by  collisions  of  molecules  with  the  total  vibrational 
energy  of  the  collision  partners  exceeding  that  of  the  ionization  potential.  This  type  of  ionization 
has  been  previously  observed  in  CO/Ar  and  CO/N2  optically  pumped  plasmas  [2-6].  It  has  been 
accomplished  by  resonance  absorption  of  CO  laser  radiation  followed  by  vibration-to-vibration 
(V-V)  anharmonic  up-punping  [7].  These  processes  are  shown  in  Eq.  (2,3),  where  v  and  w  are 
vibrational  quantum  numbers. 
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CO(v)  +  hv  C0(v+1) 

CO(v)  +  CO(w)  CO(v-l)  +  CO(w+l) 


(2) 

(3) 


The  result  is  a  significant  population  of  high  vibrational  levels  of  CO  molecules.  These 
molecules  can  then  imdergo  the  associative  ionization  mechanism  illustrated  by  Eq.  (1).  It  is 
important  to  note  that  while  the  CO  vibrational  mode  energy  at  these  conditions  is  a  few 
thousand  degrees  Kelvin,  the  translational/rotational  temperature  never  exceeds  a  few  hundred 
degrees. 

While  this  method  can  create  high-pressure,  low-temperature  plasmas,  it  does  not 
produce  a  large-volume  discharge.  The  optically  pumped  plasma  created  by  this  method  is 
confined  to  the  volume  defined  by  the  incident  CO  laser  beam.  Outside  of  the  CO  laser  beam  the 
electrons  rapidly  recombine  and  diffusion  of  the  vibrationally  excited  species  is  limited  due  to 
the  high  pressure  of  the  system.  Additionally,  the  vibrationally  excited  species  diffiising  out  of 
the  excitation  volume  quickly  relax  to  the  ground  vibrational  state. 

The  main  objective  of  this  paper  is  to  demonstrate  e5q)erimentally  the  volume  increase  of 
the  optically  pumped  plasma  outside  of  the  region  defined  by  the  incident  CO  laser  beam  when 
an  external  sub-breakdown  RF  field  is  applied.  When  applied,  the  RF  field  couples  additional 
power  to  the  CO  and  N2  vibrational  energy  modes  by  electron  impact  excitation.  In  this  case, 
additional  vibrational  excitation  of  both  CO  and  N2  is  produced  by  free  electrons  heated  by  the 
applied  RF  field  [1].  This  in  turn  produces  additional  ionization  of  these  species  by  the 
associative  ionization  mechanism  of  Eq.  (1).  Note  that  in  the  present  experiments,  the  reduced 
electric  field,  E/N,  is  sufficiently  low  to  preclude  field-induced  electron  impact  ionization.  In  the 
present  work,  this  effect  is  studied  by  measuring  spatially  resolved  spontaneous  Raman  spectra 
of  N2  with  and  without  an  applied  RF  field. 

2.  Experimental 

A  schematic  of  the  e?q)erimental  set-up  is  shown  in  Figs.  1  and  2.  A  broadband 
continuous  wave  CO  laser  having  output  at  the  first  10-12  fundamental  bands  of  CO  is  used  to 
irradiate  a  gas  mixture.  The  mixture  consists  of  nitrogen  containing  approximately  1 .5%  CO  and 
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trace  amounts  (approximately  300  ppm)  of  NO.  The  total  pressure  of  the  gas  mixture  is 
approximately  300  torr.  The  residence  time  of  the  gases  in  the  cell  is  approximately  1  second. 
The  cryogenically  cooled  CO  laser  was  designed  in  collaboration  with  the  University  of  Bonn 
and  constructed  at  The  Ohio  State  University.  It  is  tuned  to  emit  a  substantial  percentage  of  its 
power  on  the  v=l->0  and  v=2->l  fundamental  transitions  Avith  the  majority  of  the  remaining 
power  output  in  the  next  10  vibrational  bands.  The  total  output  of  the  laser  is  approximately  10- 
15  W. 


The  output  of  the  CO  laser  is  focused  into  a  six  arm  cross  pyrex  absorption  cell 
containing  the  gas  mixture.  Focusing  the  beam  increases  the  power  loading  per  CO  molecule 
along  the  laser  beam.  This  produces  an  optically  pumped  region  approximately  2  mm  in 
diameter  and  10  cm  long.  Two  circular  copper  electrodes  (3  cm  diameter)  placed  above  and 
below  the  path  of  the  CO  laser  beam  are  used  to  apply  the  RF  field  to  the  optically  pumped 
plasma.  The  absorption  cell  is  supported  by  a  vertical  translation  stage  fitted  with  a  micrometer 
that  produced  precision  movement  on  the  order  of  ±0.005  mm  This  setup  permitted  the 
movement  of  the  Raman  laser  probe  beam  vertically  with  respect  to  the  optically  pumped 
plasma. 


A  nonequilibrium  vibrational  mode  energy  distribution  of  the  cell  gases  is  produced  by 
anharmonic  V-V  up-punping.  In  particular,  irradiating  the  gas  mixture  with  a  CO  laser  tuned  to 
the  lowest  10-12  vibrational  transitions  leads  to  the  vibrational  excitation  of  CO  molecules  to 
vibrational  levels  from  v=l  to  v=10-12  by  direct  resonance  absorption.  Higher  vibrational  levels 
v~10-40,  which  are  not  accessible  to  the  laser,  are  populated  by  V-V  energy  transfer. 

In  the  laser  excited  CO/N2  plasma,  vibrational  energy  transfer  in  collisions  between 
vibrationally  excited  CO  molecules  and  N2  molecules  also  causes  vibrational  excitation  of 
nitrogen.  As  shown  in  Eq.  (4) 

CO(w)  +  N2(v)-^CO(w-1)  +  N2(v+1)  (4) 
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Na  can  be  vibrationally  excited  although  it  is  not  directly  coupled  to  the  incident  CO  laser 
radiation. 

Presence  of  free  electrons  in  the  gas  mixture  may  also  lead  to  vibrational  excitation  of 
molecular  species  by  electron  impact.  Basically,  free  electrons  heated  by  the  applied  electric 
field  primarily  lose  their  energy  by  coUisional  energy  transfer  to  vibrational  energy  modes  of  the 
diatomic  species. 


CO(w)  +  e’  CO(w+Aw)  +  e'  (5) 

N2(w)  +  e'  ^  N2(w+Aw)  +  e'  (6) 

By  heating  free  electrons  created  by  associative  ionization  of  vibrationally  excited  molecules 
with  an  applied  RF  field,  vibrational  nonequilibrium  can  be  attained  outside  of  the  volume 
occupied  by  the  CO  laser  beam.  In  this  e3q)eriment,  two  copper  electrodes  are  placed  above  and 
below  the  optically  pumped  plasma  with  a  separation  of  approximately  13  mm.  Connected  to 
these  electrodes  is  a  13.56  MHz,  600W  ENI  ACG-6B  RF  power  supply  via  a  modified  MFJ- 
949E  tuner,  which  is  used  for  plasma  impedance  matching.  Tuning  the  impedance  so  that  the 
reflected  RF  power  does  not  exceed  5-10%  of  the  forward  power  was  typical  for  these 
experiments.  Setting  the  output  wattage  of  the  RF  power  supply  to  100  W  produced  a  peak-to- 
peak  voltage  of  4  kV  measured  by  a  high  voltage  probe.  At  these  conditions,  the  peak  reduced 
electric  field  did  not  exceed  E/N»M0'*^  V-crn^  [1].  This  low  value  of  the  reduced  electric  field 
precludes  electron  impact  ionization  and  ionization  instability  development.  Therefore,  electrons 
in  the  optically  pumped  plasma  enhanced  by  the  RF  field  are  produced  only  by  the  associative 
ionization  mechanism. 

In  these  present  ejqjeriments,  the  gas  mixture  in  the  cell  contains  approximately  300  ppm 
of  nitric  oxide.  Addition  of  trace  amounts  of  NO  to  the  optically  pumped  plasma  is  necessary  to 
increase  the  electron  number  density.  Previous  experiments  in  CO/Ar  glow  discharge  plasmas 
[8]  showed  that  the  dominant  ions  in  the  discharge  are  dimer  ions,  (00)2"^,  and  cluster  ions  of  the 
general  form  Cn(CO)2^,  n=l-15.  However,  adding  a  few  tens  of  millitorr  of  O2  to  these  gas 
mixtures  resulted  in  nearly  complete  disappearance  of  these  ions  and  their  replacement  by  02"^ 
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ions.  Note  that  the  electron- ion  dissociative  recombination  rate  of  the  dimer  (CO)2^  ion,  p=2-10'^ 
cm^/s  [9],  greatly  exceeds  the  rate  of  recombination  of  the  monomer  02^  ion,  p=(3-5)-10'®  cm^/s 
[10].  The  recombination  rate  of  the  large  carbon  cluster  ions  can  possibly  be  even  higher.  Our 
previous  measurements  [11]  showed  that  electron  density  in  the  optically  pumped  CO/Ar  and 
CO/N2  plasmas  can  be  considerably  increased  by  adding  small  amounts  of  O2  and  NO.  This 
might  occur  due  to  a  similar  process,  i.e.  destruction  of  the  rapidly  recombining  carbon-based 
cluster  ions  and  their  replacement  by  the  slowly  recombining  monomer  ions,  such  as  02^  and 
NO^. 


To  acquire  spontaneous  Raman  spectra  of  the  optically  pumped  plasma,  a  pulsed 
Nd:YAG  laser  tuned  to  the  second  harmonic  (532  nm)  and  operated  at  10  Hz  was  used  to  probe 
the  gas  mixture.  Each  laser  pulse  has  an  output  energy  of  200  mJ  and  a  duration  of 
approximately  10  ns.  The  Nd:YAG  laser  probe  beam  was  combined  with  the  CO  laser  pump 
beam  using  a  90°  CaF2  dichroic  mirror  which  was  coated  to  allow  transmission  of  the  CO  laser 
beam  while  reflecting  the  Nd:YAG  beam.  Spatial  resolution  of  the  Raman  spectra  was  enhanced 
by  focusing  of  the  probe  beam  using  a  0.4  m  focal  length  lens.  A  notch  filter  was  used  to 
attenuate  the  532  nm  line  resulting  from  elastic  scattering.  The  Stokes  shifted  signal  was  in  the 
range  of  600  to  612  nm,  which  is  well  outside  the  attenuation  profile  of  the  notch  filter.  To 
maximize  the  signal  to  noise  the  image  of  the  plasma  was  rotated  using  2  inch  diameter  mirrors 
so  that  the  it  was  oriented  parallel  to  the  vertical  input  slit  of  the  OMA  spectrometer.  In  addition 
the  signal  was  focused  with  flA  lenses  to  match  the  0.25  meter  flA  spectrometer.  This  resulted  in 
a  solid  angle  of  approximately  0.049  sr,  corresponding  to  an  area  defined  by  the  monochromator 
slits  and  probe  beam  of  approximately  2mm  in  length  by  100  pm  in  height.  The  detector  used  to 
acquire  the  Stokes  shifted  signal  was  a  microchannel  plate  intensified  charge-coupled  device 
(ICCD)  camera.  By  using  a  pulser  to  gate  the  intensifier  the  signal  to  noise  increased  by 
eliminating  much  of  the  spontaneous  emission  from  the  optically  pumped  cell.  The  quantum 
efficiency  of  the  detector  was  on  the  order  of  6%  at  the  Stokes  wavelength  and  the  signal  was 
integrated  for  a  duration  of  30s.  Within  the  monochromator,  a  1 800  line/nm  grating  was  used 
which  resulted  in  a  spectral  resolution  of  approximately  1.5  =>  and  a  spectral  range  of 
approximately  10  nm.  The  resolution  was  adequate  to  resolve  the  individual  Q-branch 
vibrational  bands,  but  insufficient  to  obtain  any  rotational  fine  structure. 
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Uncertainty  in  the  relative  band  intensities  of  the  Raman  spectra  of  the  laser-excited 
plasma  from  which  the  experimental  vibrational  level  populations  are  derived  is  estimated  to  be 
10%-20%.  For  Raman  spectra  of  the  optically  pumped  plasma  enhanced  by  the  RF  field,  the 
uncertainty  is  somewhat  greater  (20-25  %)  due  to  a  lower  signal-to-noise  ratio.  Uncertainty  in 
the  ratio  of  vibrational  populations  of  levels  v=0  and  v=l  is  estimated  to  be  6%. 


3.  Kinetic  model 

The  two-dimensional  time-dependent  model  of  the  non-self-sustained  RF  discharge  used 
in  the  present  optical  pumping  experiments  incorporates  the  equations  for  electron  and  positive 
ion  concentrations,  as  well  as  the  Poisson  equation  for  the  electric  field: 


dt 

rl 

/  /  J.x  A  dn^{0,y,t)  dn^i±w  ,y,t)  _  ^ 

n^{xSij)  =  n^{x,d,t)  =  Q,  - - - = - r - 0 

dx  ox 

n^(x,y,0)  =  0 


V^(f>{x,y,t)  =  , 


^0  * 


^(x,0, 0  =  0,  d,t)  =  Uo  cos(2;rW) ,  — =  0 


dx 


dx 


(8) 


<t>{x,ySi)  =  U^yld 


Q.=S-Pn,n, 

In  Eqs.  (7-9),  the  index  k  stands  for  electrons  and  positive  ions,  e  is  the  electron  charge,  nk  and 
qk=±e  are  the  species  concentrations  and  charges,  Dk,  pk,  and  are  the  species  diffusion 
coefficients,  mobilities,  and  fluxes  (conduction  current  density  vectors),  respectively,  (j)  and 
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E  =  -V^  are  the  electric  potential  and  electric  field,  j  =  is  the  electric  cnrrent,  d  is  the 

separation  between  the  electrodes,  W  is  the  electrode  half-width,  Uo  and  v  are  the  applied  voltage 
amplitude  and  frequency,  S  is  the  rate  of  electron  production  by  the  associative  ioni2ation 
mechanism  of  Eq.  (1),  and  p  is  the  electron- ion  recombination  coefficient. 

Equations  (7-9)  are  accompanied  by  equations  for  vibrational  energies  of  two  diatomic 
species,  CO  and  N2,  as  well  as  the  translational-rotational  energy  equation: 


£vibj  0  =  Svibj  (x,  d,  i)  =  {±W,  y,  t)  =  (T„ ) , 

Svibjix,y,0)  =  £,,^j(T,) 


dx 


=  0  (10) 


+ v[lV7-(x,y,()l=  kN(y^R^+y,R^'J, 
T(x,0.t)  =  nx,d,l)  =  r(±W,y,t)  =  =  0 


dx 


(11) 


T(x,y,0)  =  r^ 


In  Eqs.  (10,1 1),  8vibj  is  the  average  vibrational  energy  per  molecule,  the  index  j  stands  for  CO  or 
N2,  k  is  the  Bolt23nann  constant,  N  is  the  number  density,  yco  and  yN2  are  mole  fractions  of  CO 
and  N2  in  the  mixture,  and  R‘“ ,  Rf^'^ ,  RJ'  are  the  rates  of  vibrational  excitation  by  the  laser  and 
electron  impact  and  vibrational  energy  relaxation,  respectively. 

It  is  well  known  that  the  vibrational  distribution  functions  (VDF)  of  diatomic  species  at 
the  conditions  of  extreme  vibrational  disequilibrium  sustained  by  the  combined  laser  and  electric 
field  excitation  can  be  strongly  non-Boltzmann.  Determination  of  the  vibrational  level 
populations  of  CO  and  N2  in  such  nonuniform  plasmas,  fvj,  would  require  solution  of  master 
equation,  i.e.  approximately  100  coupled  2-D  partial  differential  equations  of  the  general  form 
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f  Laser 


dt  ^  ^  {^Excitation . 


Electron^ 

^  Impact  )^_ 


(12) 


which  would  be  rather  computationally  intense.  In  Eq.  (12),  f^  j  are  the  relative  populations  of 

vibrational  levels  (vibrational  distribution  function)  -and  v  is  the  vibrational  quantum  number. 
The  explicit  e}q)ressions  for  the  terms  in  the  right-hand-side  of  Eq.  (12)  can  be  foimd  in  [12].  The 
present  kinetic  model  retains  only  two  equations  for  the  vibrational  energy  modes  of  CO  and  N2 
Cvibj  (Eqs.  (10)),  obtained  from  the  master  equation  (12)  using  the  relations 

^vibj  =  +  (13) 


where  ©ej  and  Xej  are  the  vibrational  frequency  (in  K)  and  the  anharmonicity  of  the  molecules. 
The  vibrational  distribution  fimctions  (VDFs)  of  CO  and  N2,  ,  have  been  determined  using 

analytical  theory  of  vibration-vibration  (V-V)  pumped  anharmonic  oscillators  [13],  as  a  steady- 
state  solution  of  master  equation  (12)  without  space  diffusion  terms. 


(  E,v  AEvCv-l)^ 

exp  — —+ - - - 
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•  r  J 
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T  5ly  exp((?,>)  1 

v+1’ 


(14) 


In  Eq.  (14),  Ei=ffle(l-2xe),  AE=®eXe,  Tv=Ei/ln(fi/f))  is  the  first  level  vibrational  temperature,  Pio, 
Q\o  >  SvT,  and  5w  are  the  parameters  in  the  expressions  for  the  V-T  and  V-V  rate  coefficients. 
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^v!,,v=<(v  +  l)exp(tJ^v), 


(15) 


=  (v  + 1)(  W + 1)  { efo  exp(-  Syy  |v  -  w|)  [|  -  i  exp(-  Syy  |v  "  m\)] 
+  Goexp(-Af^.(v-w)^)}, 


O  =n^+_Sz. 

^10  i^io  +  i2A 


TT 


W 


\^W  J 


Qr\ 


10  » 


(17) 


Ym  is  the  V-T  relaxation  collision  partner  mole  fraction,  and  Va=Ea/Ei  is  the  activation  level  of 
the  vibration-to-electronic  (V -E)  energy  transfer  process, 

COiX%v  ~  40)  +  CO  CO(^‘n,  V  ~  0)  +  CO ,  (18) 

The  analytic  VDFs  of  Eq.  (14)  are  in  good  agreement  with  steady-state  distribution  functions 
obtained  by  numerical  integration  of  master  equation  with  the  V-T  and  V-V  rates  given  by  Eqs. 
(15,16)  [14].  In  the  present  calculations,  the  two  VDFs  have  been  determined  iteratively  from 
Eq.  (13)  using  the  functional  dependence  (14)  on  the  first  level  vibrational  temperatures,  Tv,j,  as 
adjustable  parameters.  This  approach  greatly  reduces  the  number  of  equations  solved  while 
taking  into  account  the  key  effect  of  strongly  non-Boltzmann  distribution  function  on  the 
associative  ionization  rate  in  the  plasma.  Note  that  this  approach  assumes  that  both  vibrational 
distributions  are  quasi-steady-state  and  that  their  perturbation  by  diffusion  is  weak. 

The  rate  of  CO  vibrational  excitation  by  resonance  absorption  of  the  CO  laser  radiation, 
used  in  Eq.  (10),  is  evaluated  as  follows  [12], 


^  ^juckT 


i^eSjcxp 
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^vfv  ’ 


(19) 
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where  Ay  is  the  Einstein  coefficient  for  spontaneous  radiation.  By  is  the  rotational  constant,  v  is 
the  laser  line  frequency,  ly  is  the  laser  line  power  density,  0  is  the  absorption  line  shape  factor,  J 
is  the  rotational  quantum  number,  and  Sj  is  the  Honl-London  factor. 

The  rate  of  vibrational  excitation  of  CO  and  N2  molecules  by  electron  impact  in  the 
presence  of  the  RF  field  is  approximated  as 

^  ^20) 
^  Nk 

The  approximation  of  Eq.  (20)  is  applicable  in  the  range  of  the  reduced  electric  field  E/N=(0.5- 
5.0)-10''^  V  cm^,  where  more  then  95%  of  the  input  electric  power,  ]-E,  goes  to  vibrational 
excitation  of  CO  and  N2  [  1 0] . 

The  rate  of  energy  relaxation  from  the  vibrational  mode  of  each  diatomic  species  with  the 
vibrational  distribution  function  (VDF)  given  by  Eq.  (14)  is  evaluated  as  follows  [13], 


In  Eq.  (21),  the  first  term  in  the  right-hand-side  represents  the  intra-mode  energy  relaxation  rate 
due  to  V-T,  V-V,  and  V-E  processes  combined,  while  the  second  term  is  the  energy  relaxation 
rate  due  to  the  V-V'  energy  exchange  between  vibrational  modes  of  CO  and  N2, 

CO{v)  +  N^{v')  ->  CO(v-l)  +  i\^2(v'-hl)  (22) 
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Again,  Eq.  (21)  is  in  good  agreement  with  the  steady-state  energy  relaxation  rate  obtained  from 
the  numerical  solution  of  the  master  equation  [14]. 

The  electron  production  rate  by  the  associative  ionization  mechanism  of  Eq.  (1),  used  in 
Eq.  (9),  is  calculated  as  follows. 


^  -  ^ion^^yco  ^^fv,Cofw,CO  ’  (23) 

The  electron  and  ion  mobilities  and  diffusion  coefficients  in  a  nitrogen  plasma  as  functions  of  the 
reduced  electric  field  E/N,  where  N=P/kT  is  the  number  density,  are  taken  from  [15,16].  The  V- 
V  and  V-T  rates  in  CO-N2-He  mixtures  are  taken  from  [12,17].  The  CO  pump  laser  spectum  is 
taken  to  be  the  same  as  in  [1 8]. 

Direct  numerical  solution  of  coupled  partial  differential  equations  (7,8,10,11)  remains 
rather  problematic  due  to  the  fact  that  the  characteristic  time  scales  for  reaching  the  quasi-steady- 
state  distributions  of  electric  field,  TRF~d/Wdr,  vibrational  populations  and  electron  density, 
Tvib~^ion~£i  /  R'"' ,  and  gas  temperature,  Tm—d^/D,  are  widely  different, 

~  10"^  sec  «  ~  ~  10“^  -10”^  sec  «  ~  1  sec  (24) 

In  the  above  estimates,  d~l  cm,  Wdr=PeE~10^  cm  is  the  electron  drift  velocity,  and  D~1  cm^/s  is 
the  diffusion  coefficient.  The  values  of  Xvib  for  CO  and  N2  are  estimated  from  Eqs.  (14,21)  for 
T~300  K,  Tv(CO)~3000  K,  N~10‘*  cm'^,  yco~0.01,  and  yN2~l-  For  this  reason,  the  RMS  electric 
field  distribution  has  been  evaluated  by  integrating  Eqs.  (7,8)  separately,  over  the  time  period 
Ati~TRF,  and  then  assumed  to  remain  unchanged  while  integrating  Eqs.  (10,1 1)  over  At2'~Tvib~^ion- 
These  two  stages  were  repeated  imtil  the  steady-state  spatial  distribution  of  RMS  electric  field, 
RMS  charged  species  concentrations,  vibrational  level  populations,  and  gas  temperature  was 
achieved  over  Ats'^HT- 
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In  the  cnlculntions  discussed  in  the  following  section,  the  3  cm  diameter  circular 
electrodes  (see  Fig.  3)  are  modeled  as  square  electrodes  of  the  same  surface  area.  The  electrode 
separation  and  foil  width  are  d=l  cm  and  2W=2.66  cm.  The  CO  laser  beam  power  distribution  is 
assumed  to  be  Gaussian  with  the  1/e^  radius  of  1  mm.  Calculations  are  made  for  a  CO-N2 
mbcture  with  1.4%  of  CO  at  P=300  torr.  To  simulate  the  effect  of  additional  V-T  relaxation 
produced  by  addition  of  small  amounts  of  NO  to  the  plasma,  the  model  gas  mbcture  was  also 
assumed  to  contain  1%  helium.  The  RF  voltage  amplitude  and  frequency  are  Uo=1500  V  and 
v=10  MHz,  respectively.  The  system  of  equations  (7,8,10,1 1)  is  solved  using  standard  stiff  PDF 
solver  PDECOL  [19]. 

4.  Results  and  Discussion 

4.1.  Experimental  Measurements 

Previously,  it  was  shown  that  RF  coupling  to  free  electrons  produced  in  an  optically 
punned  CO  plasma  enhances  the  vibrational  disequilibrium  induced  in  the  path  of  the  laser 
excitation  beam  [1].  The  current  results  show  that  this  effect  is  not  limited  to  the  volume 
occupied  by  the  CO  laser  beam,  which  is  approximately  2  mm  in  diameter  and  10  cm  long. 
Indeed,  as  can  be  seen  in  Figs.  4  and  5,  the  N2  Raman  spectra  band  intensities  (i.e.  the  fractional 
vibrational  level  populations)  increase  when  the  RF  field  is  apphed,  both  at  the  CO  laser  beam 
axis  (see  Fig.  4),  and  away  from  the  CO  laser  beam  (see  Fig.  5).  Note  that  the  Raman  spectra 
with  the  RF  applied  have  been  scaled  and  baseline  corrected  to  match  the  intensity  of  the  v=0 
peak  when  the  RF  is  off.  This  effect  is  also  illustrated  in  Fig.  6,  which  shows  fractional 
vibrational  level  populations.  From  Fig.  6,  one  can  see  that  the  vibrational  level  populations  for 
v=l-4  become  greater  when  the  RF  filed  is  applied.  As  discussed  in  Section  2,  the  RF  power  is 
coupled  to  the  vibrational  mode  of  the  diatomic  molecules  via  the  free  electrons  produced  in  the 
laser-sustained  plasma. 

Analysis  of  the  spontaneous  Raman  spectra  of  N2  provides  insights  into  the  vibrational 
population  distribution.  The  vibrational  state  fractional  populations  are  proportional  to  the 
intensity  of  the  corresponding  peaks  after  scaling  by  l/(v  +1).  When  the  spectra  of  the  RF  and 
laser  sustained  plasmas  for  a  coaxial  alignment  of  the  pump  and  probe  beams  are  con^ared,  the 
increase  in  fractional  population  of  states  with  larger  v  becomes  apparent.  By  comparing  the 
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relative  peak  heights  a  greater  fractional  population  is  found  in  states  vdth  larger  v  for  the  RF 
sustained  plasma.  This  is  illustrated  in  the  Boltzmann  plot  for  that  case  Fig.  6. 

Similar  analysis  of  the  case  in  which  the  probe  and  pump  beam  are  not  coaxial  show  a 
similar  result.  At  a  vertical  separation  of  2.25  mm,  when  a  RF  field  is  not  applied,  the 
vibrational  nonequilibrium  is  diminished.  However,  when  a  vertically  aligned  RF  field  is 
applied  the  vibrational  loading  of  the  molecule  intensifies.  This  is  demonstrated  in  the  Raman 
spectra  and  fractional  population  analysis  shown  in  Figs.  5  and  6.  It  is  important  to  note  that  at 
each  probe  position  the  fractional  population  of  states  with  higher  v  becomes  greater  when  a  RF 
field  is  applied.  By  subjecting  the  plasma  to  the  RF  field  a  wider  distribution  of  vibrational 
states  is  obtained. 

The  broadening  of  the  vibrational  state  distribution  may  be  demonstrated  quantitatively 
by  defining  an  equivalent  Boltzmtmn  tenperature.  The  equivalent  Boltzmann  temperature  is  the 
slope  of  the  vibrational  distribution  function  at  v=0,  defined  as  follows 


Z.  = 


0^, 


(25) 


In  Eq.  (25),  0v=3353°  K  is  the  characteristic  vibrational  temperature  for  N2  and  is  the  ratio  of 
the  fractional  populations  for  vibrational  levels  v=0  and  v=l.  Illustrated  in  Fig.  12  are  the  first 
level  equivalent  Boltzmann  tenperatures  for  varying  degrees  of  separation  between  the  probe 
and  pump  beam  in  the  vertical  plane.  Note  that  with  a  vertical  displacement  between  the  probe 
and  pump  beam  the  equivalent  Boltzmann  tenperatures  never  drop  below  2000°  K  when  the  RF 
field  is  applied,  even  at  a  displacement  of  more  than  5  mm.  Examining  the  vibrational 
temperature  at  the  maximum  and  minimum  displacements  exhibits  this  behavior.  At  coaxial 
alignment  there  is  a  percent  gain  of  approximately  10%.  However,  at  the  maximum 
displacement  the  percent  gain  is  almost  60%.  It  is  important  to  note  that  the  increase  in 
vibrational  temperature  is  not  due  to  simple  heating  of  the  species  present.  The 
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translational/rotational  temperature  does  not  approach  the  vibrational  temperature  in  any  of  the 
cases  presented. 

The  translational/rotational  temperatures  were  inferred  from  the  Raman  spectra  by 
comparing  the  peak  intensities  of  a  vibrationally  pumped  sample  to  that  of  a  vibrationally  cold 
sample.  These  temperatures  were  calculated  as  follows, 

(11) 

where  Tc  is  the  cold  gas  temperature  (300°  K),  Ic  is  the  intensity  of  the  cold  peak  and  Ih  is  the 
integrated  scaled  intensity  [l/(v  +1)]  of  the  peaks  in  the  vibrationally  hot  spectra  Temperatures 
inferred  from  the  Raman  spectra  using  this  method  can  be  found  in  Fig.  13.  Note  that  this 
method  provides  only  a  rather  crude  estimate  of  the  ten:q)erature  since  the  rotational  band 
structure  is  ignored.  In  addition,  at  large  displacement  between  the  pump  and  probe  beam  the 
probe  beam  path  begins  to  become  blocked,  causing  the  probe  beam  to  scatter.  This  might  well 
introduce  an  additional  error  in  the  temperature  inference.  Note  that  the  first  level  vibrational 
temperature  remains  much  greater  than  the  translational  temperature  at  all  data  points  measured 
(see  in  Figs.  12  and  13). 

4.2.  Modeling  Calculations 

Figures  7-10  show  contour  plots  of  the  calculated  first  level  vibrational  temperatures  of 
CO  and  N2,  as  well  as  the  translational  temperature  and  the  electron  density  in  optically  pumped 
CO/N2/He  plasmas.  The  left  half  of  each  of  these  plots  refers  to  the  parameter  distribution  in  the 
plasma  sustained  by  a  CO  laser  alone,  while  the  right  half  shows  distribution  of  the  same 
parameters  in  the  plasma  sustained  by  a  combination  of  the  laser  and  the  RF  field.  For  the 
laser/RF  sustained  plasma,  the  parameters  shown  have  been  averaged  over  the  RF  field 
oscillation  period.  From  Figs.  7  and  8,  it  can  be  seen  that  applying  the  RF  field  to  the  optically 
pumped  plasma  produces  a  stronger  vibrational  disequilibrium,  with  vibrational  tenperatures  of 
both  CO  and  N2  considerably  increasing  (from  Tv(CO)=3700  K  to  4300  K  and  Tv(N2)=2500  K  to 
2900  K  on  the  laser  beam  centerline).  Note  that  with  the  RF  field  turned  on  the  size  of  the 


Th-Tc* 


^1  ^ 
■*c 

\^H  2 


74 


vibrationally  nonequilibrium  region  also  substantially  increases  (roughly  by  a  factor  of  2  in  the 
x-direction). 

Calculations  of  the  energy  balance  in  the  plasma  shows  that  the  absorbed  laser  power  in 
the  region  between  the  electrodes  is  0.9  W,  while  the  RF  power  coupled  to  the  plasma  is  greater 
by  approximately  a  factor  of  2,  1.9  W.  In  other  words,  using  the  sub-breakdown  RF  field  nearly 
triples  the  total  power  added  to  the  plasma.  More  rapid  vibrational  energy  relaxation  in  V-V 
exchange  processes  in  the  laser/RF  sustained  plasma  produces  additional  heat  removed  from  the 
plasma  by  conduction.  Difihision  of  vibrationally  excited  molecules  provides  another  channel  of 
energy  removal  from  the  plasma.  In  the  present  calculations,  convective  cooling  of  the  gas 
mixture  in  the  slow-flow  absorption  cell  is  neglected.  From  Fig.  9,  one  can  see  that  the  calculated 
translational  temperature  on  the  laser  beam  axis  increases  from  T=470  K  in  the  laser-sustained 
plasmas  to  T=600  K  in  the  laser/RF  sustained  plasma. 

Analysis  of  Fig.  10  shows  that  the  electron  density  in  the  presence  of  the  RF  field  is 
greatly  reduced,  from  ne=0.810"  cm'^  to  0.6-10’°  cm■^  This  result  is  not  surprising  since 
additional  heating  produced  by  relaxation  processes  in  the  presence  of  the  RF  field  considerably 
increases  the  V-T  rates  (especially  among  the  high  vibrational  levels  of  CO).  This  results  in 
depletion  of  the  high  CO  vibrational  level  populations  (at  v^O-35),  as  shown  in  Fig.  11,  and 
reduces  the  rate  of  ionization  by  the  associative  ionization  mechanism.  This  effect,  i.e.  the 
negative  feedback  between  the  temperature  rise  and  the  ionization  rate  self-stabilizes  the  plasma 
and  precludes  the  ionization-heating  instability  development.  On  the  other  hand,  the  same  effect 
self-limits  the  amount  of  RF  power  coupled  to  the  plasma.  However,  the  electron  density  and 
consequently  the  power  coupled  to  the  plasma  can  both  be  increased  by  reducing  the 
translational  tenqjerature  (e.g.  using  convective  cooling  of  the  plasma  in  a  fast-flow  absorption 
cell).  This  may  considerably  increase  energy  stored  in  vibrational  mode  energies  of  CO- 
containing  molecular  gas  mixtures  at  high  pressures. 

Figure  12  compares  the  measured  and  the  calculated  N2  vibrational  temperatures  in  the 
plasma  along  the  line  between  the  electrode  centers.  One  can  see  that  in  the  absence  of  the  RF 
field  the  agreement  is  quite  satisfactory.  With  the  RF  field  turned  on,  the  calculated  vibrational 
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temperature  turns  out  to  be  somewhat  lower  than  in  the  experiment.  The  difference  between  the 
experiment  and  the  calculations  is  within  20%  except  for  one  data  point  taken  at  y/ d=0.94,  or  less 
than  1  mm  away  from  the  bottom  electrode.  We  believe  that  at  this  location  scattering  of  the 
probe  Nd:YAG  laser  beam  off  the  electrode  surface  might  considerably  increase  the  uncertainty 
in  the  measured  vibrational  level  populations.  Additional  measurements  with  a  smaller 
separation  between  the  measurement  points  are  necessary  to  estimate  reproducibility  of  the  data 
and  the  magnitude  of  this  effect. 

Figure  13  shows  the  measured  and  the  calculated  translational  temperature  of  the  plasma 
along  the  line  between  the  electrode  centers.  Again,  with  the  RF  field  turned  off  and  far  from  the 
electrodes  the  agreement  is  satisfactory.  However,  temperature  measured  closer  to  the  bottom 
electrode  (within  2.5  mm)  appears  to  be  considerably  higher  than  on  the  laser  beam  centerline. 
The  same  effect  is  observed  with  the  RF  field  turned  on  (see  Fig.  13).  Again,  probe  laser  beam 
scattering  off  the  electrode  surfece  might  account  for  this  coimterintuitive  behavior  of  the  gas 
temperature  in  both  these  cases.  With  the  RF  field  on,  the  discrepancy  between  the  calculated 
and  the  measured  temperature  becomes  quite  substantial,  up  to  50-100%  (see  Fig.  13).  There  are 
two  most  likely  reasons  for  such  considerable  disagreement.  First,  the  translational  temperature 
inferred  from  the  intensities  of  the  rotationally  unresolved  vibrational  bands  of  the  Raman 
spectra  (see  Section  2)  can  be  considered  only  as  a  foirly  crude  estimate,  since  the  individual 
rotational  line  contribution  is  not  taken  into  account.  Second,  there  is  a  considerable  uncertainty 
in  the  pivotal  parameter  of  the  kinetic  model  controlling  the  steady-state  ioni2ation  rate  and 
therefore  the  RF  power  coupled  to  the  plasma  (as  well  as  the  gas  temperature),  i.e.  the 
temperature  dependence  of  the  CO  V-T  rates  among  the  high  vibrational  levels  (v>30-35).  Weak 
V-T  rate  temperature  dependence  would  produce  a  fiiirly  strong  gas  heating  before  the  CO 
vibrational  populations  would  be  depleted  thereby  slowing  down  the  ionization.  On  the  other 
hand,  steep  rise  of  the  V-T  rates  with  temperature  would  slow  down  the  ionization  at  more 
moderate  temperatures. 

These  V-T  rates  are  most  likely  controlled  by  collisions  of  highly  vibrationally  excited 
CO  molecules  with  fast  relaxer  trace  species,  such  as  products  of  the  CO  disproportionation 
reaction,  including  carbon  clusters,  or  NO  molecules  present  in  the  plasma.  Currently,  the  data 
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on  the  rates  of  these  processes  are  not  available.  Therefore,  in  the  present  calculations,  the  self¬ 
termination  of  ionization  by  V-T  relaxation  is  modeled  semi-qualitatively,  by  adding  1%  of 
helium  to  the  baseline  CO/N2  mixture,  which  might  well  affect  the  accuracy  of  the  model 
predictions.  Additional  temperature  measurements  in  CO/N2/He  optically  pumped  plasmas  using 
the  rotationally  resolved  Raman  spectra  [20]  are  needed  to  resolve  this  issue. 
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Figure  1.  Experimental  apparatus  for  spatially  resolved  Raman  measurements. 
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Figure  2.  Schematic  of  electrode  arrangement  and  CO  laser  and  NdtYAG  laser  beams  at 
various  measurement  point  locations. 
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Figure  4.  Raman  spectra  of  vibrationally  excited  N2  for  the  coaxial  orientation  of  the  pump  and 
the  probe  laser  beams,  with  the  RF  field  <mi  and  off. 
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Figure  5.  Raman  spectra  of  vibrationally  excited  N2  with  a  2.25  mm  vertical  separation  between  the 
pump  and  the  probe  laser  beams,  with  the  RF  field  on  and  off. 
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Figure  9,  Translational  temperature  distribution  in  the  optically  pumped  CO/N2 
plasma  without  (left)  and  with  (right)  RF  field  applied. 
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Figure  10.  Electron  density  distribution  in  the  optically  pumped  CO/N2  plasma 
without  (left)  and  with  (right)  RF  field  applied. 
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Figure  11.  CO  vibrational  distribution  functions  along  the  centerline  between  the 
electrodes  (at  y=0.5)  in  the  optically  pumped  CO/N2  plasma  without  (left)  and 
with  (right)  RF  field  applied. 
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Figure  12.  Gjmparison  of  the  measured  and  calculated  N2  vibrational  temperature  in 
the  optically  pumped  CO/N2  plasma  with  and  without  RF  field  applied  (at  x=0). 
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Figure  13.  Conq)arison  of  the  measured  and  calculated  translational  temperature  in 
the  optically  pumped  CO/N2  plasma  with  and  without  RF  field  applied  (at  x=0). 
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